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Fighting, though an effective means to gain access to limited resources, often 
incurs high cost on individuals. Thus, fights in animals often involve 
strategies, at different stages of the contest, to avoid any unnecessary cost 
accrual. In Perisesarma eumolpe—a species of mangrove crab—contests are 
sometimes followed by stridulatory events. Stridulation is achieved by the 
rubbing of specialised structures found on the chelae. These structures, 
characteristic to genera of Parasesarma and Perisesarma, are known to be 
species-specific. This thesis attempts to answer the following questions: Is 
stridulation also present among other crabs of the genera, Parasesarma and 
Perisesarma? Is it a cost-mitigating strategy in Pe. eumolpe contest and, if so, 
how does it reduce the cost involved in conflict resolution? Which assessment 
strategy does P. eumolpe employ to avoid protracted contest? To begin, the 
prevalence of stridulatory behaviour in two other related species, P. fasciatum 
and Parasesarma ungulatum were investigated. Observation of intra-specific 
interactions showed that these species also use the structures on their chelae to 
stridulate. Although the stridulatory frequency spectra were similar, the 
signals obtained from all three species were markedly different in their 
temporal features. Stridulation in P. eumolpe was dubbed by Michael Tweedie 
(1954) as “a gesture of defiance and triumph”. In P. eumolpe, this is 
hypothesized as a post-contest cost-mitigating strategy—more specially a 
victory display. Evaluation of P. eumolpe stridulation against the three 
established criteria of victory display supports this hypothesis. In P. eumolpe, 
stridulation was never observed in other contexts except to assert victory. 
While it is uncertain how victory displays actually mitigate the cost of 
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fighting, two possible functions have been suggested: to advertise recent 
victory to nearby eavesdroppers or deter recent losers from future contest. 
Empirical support for these purported functions is generally lacking. While 
some evidence has been provided for the advertising function of victory 
display, no study has yet supported the browbeating function of victory 
display. To investigate this function, the influence of stridulation on losers was 
examined. The results suggest that stridulation deterred losers from starting a 
new fight. While mainly observational, this is probably the first empirical 
work that supports the browbeating function of victory display in animals. 
Future fights could be averted by a stridulatory victory display, but how does 
P. eumolpe avoid drawn out of a current contest? The two main strategies 
animals have evolved to prevent protracted fighting are self and mutual 
assessments. However, distinguishing between these assessments has not been 
easy. Studies examining contest assessment of various animals have yielded 
findings that are not consistent with the predictions of either assessment type. 
The mismeasure of resource holding potential (RHP) in relation to contest 
duration is a potential cause of the inconsistency. In this study, contest 
behaviours were the only trait that predicted contest outcome and contest 
duration. Thus, they were used to evaluate the contest assessment strategy of 
P. eumolpe. The fights of P. eumolpe were consistent with the predictions of 
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Equality never occurs in nature. Resources necessary for survival and 
reproduction are limited and cannot be shared. To secure indivisible resources, 
animals either have to seize or defend them from other parties. Conflicts 
between members of different species are not uncommon. However, my main 
emphasis, here, is the aggression between members of the same species, i.e. 
intra-specific fights.  
Intra-specific fights, over valuable resources, can be fatal. However, 
fatal fights are rare. Animals will only fight to the death if the value of the 
resource greatly exceeds the cost of contest (Enquist & Leimar 1990). 
Conditions leading to lethal fighting are more common among invertebrates 
partly due to their shorter reproductive lifespans (Enquist & Leimar 1990) 
than vertebrates. For instance, fights between male fig wasps (Cook et al. 
1999), ants (Anderson et al. 2003), spiders (deCarvalho et al. 2004), and even 
nematodes (Zenner et al. 2014), are known to be severe, where serious injuries 
and death are common outcomes. In contrast, vicious fighting is only 
occasionally observed in vertebrates such as in mammals (Mech 1994; Cant et 
al. 2001), fish (Yabuta 2000) and birds (Piper et al. 2008). While animal fights 
can potentially be deadly, in most instances, aggression between contestants is 
limited.  
The moderation of aggression in animal fights seems rather perplexing. 
The more aggressive rival tends to be the winner. Hence, one would expect 
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contestants to be as aggressive as possible. Why should adversaries refrain 
from being too aggressive with each other? This apparent abnormality was so 
striking that it caught the attention of Lorenz (1949). In his book King 
Solomon’s Ring, he tried to explain this phenomenon as: “should a dog or wolf 
unrestrainedly and unaccountably bite the neck of his pack-mates, then his 
species also would certainly be exterminated within a short space of time” 
(Lorenz, 1949). Before the 1970s, group-selection theory was traditionally 
used to explain evolutionary strategies. Limitation of violence in contest, 
though disadvantageous to the individuals, persisted in the population because 
it had a species preservation function. However, today we know this to be 
untrue. In their seminal paper, Maynard Smith and Price (1973), using game 
theory model, showed that control of belligerence in contest can also benefit 
the individuals. With all other conditions being equal (symmetrical contest), 
highly aggressive individuals received an overall lower payoff (benefit) than 
individuals, which are more moderate in aggression. This makes restraint in 
contest an evolutionary stable strategy (ESS).  
Contest Assessment Strategies 
While animal contests are rarely dangerous, they remain costly. Firstly, 
fighting is intuitively a set of energetically expensive behaviours (Riechert 
1988; Thorpe et al. 1995; Hack 1997). It also occupies time, which can be 
allocated for other activities such as feeding and mating (Mesterton-Gibbons 
& Sherratt 2013). Furthermore, it often significantly increases the risk of 
injuries and subsequent predation to combatants (Enquist & Leimar 1990; 
Jakobsson et al. 1995b; Brick 1998; Neat et al. 1998). Thus, besides not being 
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overtly aggressive, animals are believed never to unnecessarily prolong fights. 
In other words, the decision to persist in a fight or not, far from being 
arbitrary, is “strategically” determined.  
A number of factors are known to influence contest persistence. For 
instance, animals are less likely to stay in the fight when the resource (e.g. 
mates, shelter or food) is not as prized (Arnott & Elwood 2008). Likewise, 
poor experience in previous contest lower persistence (Hsu et al. 2006; Rutte 
et al. 2006). Yet, all else being equal, contest success is largely dependent on 
the individual’s fighting ability or resource holding potential (RHP) (Parker 
1974). Hence, the decision to stop fighting is primarily based on the realisation 
that an individual has a lower RHP than the opponent (Parker 1974; Arnott & 
Elwood 2009). This awareness could result either from comparing its RHP 
with those of its opponent’s (Mutual Assessment) (Enquist & Leimar 1983; 
Enquist et al. 1990), or finding the contest too costly to continue before an 
opponent does (Self Assessment) (Mesterton-Gibbons et al. 1996; Payne & 
Pagel 1996; Payne & Pagel 1997). Currently, these two assessment strategies 
summarise our understanding of ESS contest models (Kokko 2013). As a 
result, discriminating between assessment strategies has become an essential 
part of studying animal contests (Briffa et al. 2013).  
 
Distinguishing between Contest Assessment Strategies 
As one might expect, self and mutual assessment strategies differ in 
how persistence varies with RHP. Specifically, they differ in the relationships 
between contest duration and RHP of both winner and loser (Taylor & Elwood 
2003; Arnott & Elwood 2009; Briffa et al. 2013). In fights determined by 
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mutual assessment models or a cumulative assessment model (CAM), a self 
assessment model where contest cost is accrued by opponent’s action (Payne 
1998), contest duration would increase with loser RHP but decrease with 
winner RHP; with similar strengths in each case (Gammell & Hardy 2003; 
Taylor & Elwood 2003; Briffa & Elwood 2009). On the other hand, in fights 
determined by purely self assessment models, contest duration would increase 
both with loser and winner RHP, but less strongly with winner RHP (Gammell 
& Hardy 2003; Taylor & Elwood 2003; Briffa & Elwood 2009). Mutual 
assessment models and CAM can then be further differentiated by additional 
approaches (Arnott & Elwood 2009; Briffa & Elwood 2009).  
Distinguishing between assessment strategies is not without problems. 
In some studies, results obtained were neither consistent with self nor with 
mutual assessment (Morrell et al. 2005; Kelly 2006; Prenter et al. 2008; 
Reichert & Gerhardt 2011; Peixoto & Benson 2012). While conceptual error is 
possible, the mismeasure of RHP, in relation to contest duration, could also 
give rise to these anomalies (Elwood & Arnott 2012; Vieira & Peixoto 2013). 
Resource holding potential, being a latent variable, cannot be measured 
directly (Parker 1974). Nevertheless, it can be estimated – from a combination 
of traits that predicts contest outcome (Kemp et al. 2006; Stuart-Fox et al. 
2006). These traits often consist of morphological and physiological features, 
and sometimes, whole organism performance (Sneddon et al. 1997; Lailvaux 
& Irschick 2006; Briffa & Sneddon 2007; Prenter et al. 2008; Mowles et al. 
2010). Within the set of traits that estimate RHP, it is plausible that not all 
may be used to adjust for contest persistence (Elwood & Arnott 2012). When a 
trait that predicts RHP but not persistence is used to account for the variation 
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in contest duration, outcomes not conforming to known predictions can result. 
These results, while confusing, are spurious and therefore should not be 
interpreted. Hitherto, when discriminating between types of contest 
assessment, all traits associated with RHP are considered with equal 
importance. No study has yet tested how RHP-related traits differ in their 
influence on contest persistence. 
 
Contest Signalling 
Thus far, this discussion on animal fights has revolved around the cost 
and strategies for mitigation of agonistic behaviours. However, animal 
communication too forms an integral part of animal contest (Maynard Smith 
& Harper 2003). The gathering and use of information is vital to animal fights 
(Arnott & Elwood 2008; Arnott & Elwood 2009). Contest signals can function 
either as indices of RHP or motivation; regardless, they are employed to 
mitigate the cost of fighting (Jenssen et al. 2000; Husak 2004; Vanhooydonck 
et al. 2005; Muramatsu 2011). Generally, contest signals mitigate the cost of 
fighting by allowing opponents to assess each other mutually without the need 
for physical contact (Waas 1991; Hasson 1997; Anderson et al. 2003; Brown 
et al. 2006; Logue et al. 2010). As physical contact is unnecessary, the risk of 
injury is thereby significantly reduced. When signals are performed ahead of 
the contest, weaker or less motivated rivals can be induced to disengage before 
the fighting begins. By averting physical contest, the cost associated with 
fighting can thus be prevented. However, should physical brawl ensue, 
signaling can aid in the prevention of protracting fights as we have earlier seen 
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(Gammell & Hardy 2003; Taylor & Elwood 2003; Arnott & Elwood 2009). 
These together reduce contest escalation and, hence, their associated cost.  
 
Post-contest Victory Display 
Communication is not restricted only to moments prior to and/or 
during fighting. A number of animals are known to display after agnostic 
interactions (Bower 2005; Bradbury & Vehrencamp 2011). While commonly 
reported, these signals have remained poorly studied and understood (Bower 
2005; Matsumura & Hayden 2006; Bradbury & Vehrencamp 2011). Post-
contest displays could be largely grouped according to the signaller – losers 
and winners.  
Losers’ displays are thought to be “gestures of surrender” (Lorenz 
1963), aimed at conflict de-escalation so as to prevent further provocation 
from winners (Matsumura & Hayden 2006; Bradbury & Vehrencamp 2011). 
Winners can continue to assault losers even after the losers have yielded. By 
signaling submission, losers are more likely to suppress further attack from 
winners. In doing so, losers can reduce the cost of the contest by preventing 
unnecessary attack after being defeated (Matsumura & Hayden 2006; 
Bradbury & Vehrencamp 2011). However, to signal submission, losers have to 
adopt vulnerable positions from which launching an attack is impossible. 
There is hence a possibility that winners may cheat and continue attacking the 
losers (Matsumura & Hayden 2006). Thus, for submissive displays to be 
effective the following conditions must be met: (1) the cost of the contest is 
similar to the value of the disputed resource, (2) the benefit of winning an 
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escalated contest is negligible and (3) losers have little chance of escape (Issa 
& Edwards 2006; Matsumura & Hayden 2006). Example of species that 
exhibit these signals includes American bisons (Bison bison) (Lott 2002), 
wolves (Canis lupus) (Schenkel 1967; Cafazzo et al. 2010), fallow deer 
(Dama dama) (Jennings et al. 2002) and veiled chameleons (Chamaeleo 
calyptratus) (Ligon 2014). 
On the other hand, the function of post-contest display performed by 
winner is less intuitive. Victory displays, unlike other contest signals, do not 
diminish the cost of the current fight. Instead, they are thought to lessen the 
risk of a future contest (Bower 2005; Mesterton-Gibbons & Sherratt 2006). 
Despite the potential impact victory display has on animal fights, its 
prevalence among animals is not known (Bower 2005). Accounts of winner 
signaling after a fight have been recorded in a wide range of species e.g. in 
birds (Waas 1990; Kraaijeveld and Mulder 2002), in amphibians (Wells 1978), 
in crickets and wetas (Hack 1997; Kelly 2006). However, many of these are 
just side notes and anecdotes rather than detailed studies (Bower 2005). Post-
contest victory displays and contest signals in anticipation of further 
aggression can be hard to distinguish (Bower 2005). Thus, without further 
verification, victory display in these species cannot be ascertained. Yet, the 
verification of the presence of victory display in animals is one of the 
fundamental steps in understanding the function of victory display and its 
importance in animal fights (Bertram et al. 2010).  
In addition to identifying and verifying the presence of victory display 
in animals, the understanding of its function in fights is of equal importance. 
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Theoretically, victory display can reduce the risk of a future contest by 
discouraging nearby eavesdroppers (advertisement rationale; sensu Mesterton-
Gibbons and Sherratt 2006) and/or the loser of a recent contest (browbeating 
rationale; sensu Mesterton-Gibbons and Sherratt 2006) from initiating a new 
fight. Game-theory analysis further suggest that the role victory displays 
would play in a species (as “advertisement” or “browbeating”) is dependent on 
the degree of advantage winning the fight confers on reproduction (Mesterton-
Gibbons & Sherratt 2006). In species where dominance does not result in 
significant reproductive advantage, victory displays act to discourage 
eavesdroppers from challenging the winner. Whereas, in species where 
dominance results in high reproductive advantage, victory displays function 
more to browbeat opponents into a more lasting submission. A recent study on 
little blue penguins Eudyptula minor, a species with low reproductive 
advantage from dominance, corroborated the advertisement rationale: victory 
display in little blue penguin increases the heart rate of nearby potential 
competitors but not that of mates (Mourtede et al. 2012). However, no 
experimental data have yet evaluated the browbeating function of victory 
display, in a species where reproductive advantage of dominance is high. 
Perisesarma eumolpe and stridulatory behaviour in brachyuran crabs 
In this thesis, I used Perisesarma eumolpe (De Man 1895), a common 
Southeast-Asian mangrove crab (family Sesarmidae), as a study species to 
address various knowledge-gaps surrounding animal fights. Perisesarma 
eumolpe is a colourful mangrove crab species, possessing pigment-based 
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colour patterns on their body, legs and face. It also has a squarish carapace, 
with a distinctive anterolateral tooth on either side (Ng et al. 2008). 
In 1954, the stridulatory behaviour of P. eumolpe was first witnessed; 
performed by the winner after a brief contest: “The crab rose on its feet, 
twisted one cheliped downwards so that the upper margin of the chela was 
vertical or even a little overturned, and rubbed the upper margin of the 
dactylus of the other chela up and down against that of the downturned one, at 
first rather slowly, but with increasing speed, so that the active chela appeared 
to be almost vibrating at the end of the performance” (Tweedie 1954:123).  
Stridulation, the rubbing of hard body parts against each other, is a 
common method used by arthropods to generate and transmit vibrational 
signal: either as sound or substrate vibration (Popper et al. 2001; Bradbury & 
Vehrencamp 2011). In brachyuran crabs, the possession of stridulatory-like 
organs, such as tubercles, rigid hairs or spines, is not uncommon (Guinot-
Dumortier & Dumortier 1960). The use of these structures to produce 
vibrational signals has also been reported in a several species of decapods 
(Horch 1975; Mulligan & Fischer 1977; Imafuku & Ikeda 1990; Boon et al. 
2009). However, behavioural response to vibrational signals has, so far, been 
reported only in semi-terrestrial crabs of the family Ocypodidae, in particular 
ghost and fiddler crabs (Popper et al. 2001). Far from indicating the rare 
occurrence of vibrational communication in crustaceans, these reflect the need 
for more extensive investigation and increase interest in the vibrational 
communication of crustaceans. As compared to insects and spiders, very little 
is known about the sensitivity of crustaceans to sound or substrate-borne 
vibration (Budelmann 1992; Breithaupt 2002); much less is known about the 
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use of these stimuli for communication (Popper et al. 2001). The lack of 
interest and study may have been exacerbated by the old belief that 
crustaceans are generally insensitive to acoustic signals (Popper et al. 2001).  
 
Stridulatory behaviour and signal of P. eumolpe 
The stridulatory signal of P. eumolpe has remained unknown until the 
study by Boon et al. (2009). The stridulatory organs consist of pectinated 
crests (pars striden) on the dorsal of the chelar dactylus and double rows of 
setae (plectrum) on the dorsal of the chelar propodus (Boon et al. 2009). These 
features are characteristic of crabs belonging to two sister genera Parasesarma 
and Perisesarma. However, other than Perisesarma indiarum, it is not known 
whether other species within these genera use these features for stridulation 
(Boon et al. 2009). As it was first seen performed by the winner, the 
stridulatory behaviour of P. eumolpe was described as “a gesture of defiance 
or triumph” (Tweedie 1954). Boon et al. (2009) noted that stridulation usually 
occurs after contact fighting. These anecdotes indicate the possibility of post-
contest stridulation in P. eumolpe of being a victory display. Nonetheless, it is 
not known if stridulations were peformed by winners only or if they signaled 
the conclusion of contests – conditions necessary to qualify as a victory 
display (Bower 2005). 
		 11	
Objectives 
From the above general review, the following questions, which also 
form the objectives of this thesis, are asked: 
1) Is stridulatory display a common behavioural trait among crabs 
belonging to sister genera Parasesarma and Perisesarma, and if so, 
are the signals produced species-specific? 
2) Is stridulatory display in P. eumolpe a victory display (sensu 
Bower, 2005)? 
3) What contest factors elicit the performance of stridulatory display 
in P. eumolpe? 
4) What is the function of post-contest stridulatory display in P. 
eumolpe? 
5) What contest assessment model best describe P. eumolpe contest? 
Approach to objectives 
 To address the questions laid out, I have divided this thesis into six 
further chapters – one on general material and methods, four to the answering 
of the above questions, and the last discussing the findings. Besides the second 
and the last chapters (general material and methods, and general discussion), 
all chapters were configured as independent manuscripts and written in the 
style necessary for submission to the international journals. Nevertheless, the 
manuscripts have been edited to fit into the overarching theme of this thesis to 
ensure there is a flow; although not all repetitions could be removed without 
affecting the discussion.  
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 Generally, each chapter of this thesis deals with one to two objectives. 
Typically, it begins with an in depth review of the topics relevant to the 
objective(s) being dealt with. This supplements the general review done 
earlier. Repetitions have been kept to the minimal. Subsequently, the material 
and methods specific to the objectives are detailed and the results discussed.  
Chapter 2 consists of material and methods common to most of the 
later chapters (Chapter4-6). Animal contests, while naturally occurring, are 
highly stressful events. Yet, experimentally subjecting them to fight is still one 
of the best ways to study their contest strategies (Briffa et al. 2013). Thus, in 
this thesis, I have attempted to maximise efficiency by answering as many 
questions as I can from the same experimental set-up. At the risk of 
unnecessary repetition, I have undertaken to collate the material and methods 
common to these Chapters in a separate Chapter.  
In Chapter3 I explored aspects of vibro-acoustic communication in 
three species of crabs of the sister genera, Parasesarma and Perisesarma. 
Crustaceans are among the few invertebrate arthropods known to employ 
vibro-acoustic for communication (Budelmann 1992; Hill 2001; Popper et al. 
2001); of which, stridulation is one of the most common modes of vibro-
acoustic production. In Parasesarma and Perisesarma, crabs are 
characteristed by pectinated crests and rows of stiff setae on the chelae (Serène 
& Soh 1970; Rahayu & Davie 2002; Gillikin & Schubart 2004; Naderloo & 
Schubart 2010; Rahayu & Li 2013). These structures are species specific and 
have been used as stridulatory organs in at least two species (Tweedie 1954; 
Boon et al. 2009). To examine if the other species in the genera also use them 
		 13	
for stridulation, and if so, are signals produced species specific, aspects of 
vibro-acoustic communication in the selected species were explored. 
 What could the function of stridulations be, among crabs of the genera 
Parasesarma and Perisesarma? Before this could be answered, it is necessary 
to first identify the context in which signaling occurs. Stridulation in P. 
eumolpe has been described as a “gesture of defiance or triumph” when it was 
first observed (Tweedie 1954). This suggests that stridulation in P. eumolpe 
may be a post-contest signal, and in particular, a victory display. Thus, in 
Chapter4, the stridulatory display of P. eumolpe was measured up against the 
criteria of a victory display (sensu Bower 2005). In addition, the factors that 
elicit the performance of stridulatory display were also identified. These, 
collectively, addresses the second and third objectives. 
The question of whether stridulatory display of P. eumolpe is a victory 
display was first addressed in my honours thesis. However, in this preliminary 
work, only the last contest in each trial (n = 26) was used in the analysis, 
disregarding earlier contest. As a result, stridulation events that occurred 
before the last contest were ignored. Moreover, my experimental set-up 
inevitably introduced effect of residency, which could affect the way results 
are interpreted. Furthermore, some statistical analyses in my previous work, 
on hindsight, were inadequate. This means more caution should be taken when 
interpreting those results. Thus, to remedy these shortcomings, I have 
undertaken to repeat the earlier work with greater rigour to answer the same 
question in this thesis. 
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Following its verification as a victory display in Chapter 4, stridulation 
of P. eumolpe has two possible, but non-exclusive, functions (Bower, 2005; 
Mesterton-Gibbons and Sherratt, 2006, 2013): advertisement of recent victory 
to nearby eavesdroppers and browbeating of recent opponent. However, 
empirical work supporting these purported functions of victory display is 
severely lacking (Mesterton-Gibbons & Sherratt 2006; Mouterde et al. 2012; 
Fitzsimmons & Bertram 2013; Mesterton-Gibbons & Sherratt 2013). Thus far, 
no study has yet provided empirical evidence for the potential browbeating 
function of victory display. In Chapter 5, I ventured to assess whether victory 
display (stridulatory behaviour) of P. eumolpe has a browbeating function, 
addressing the fourth objective of this thesis. 
Having examined how P. eumolpe mitigates the cost of further contest 
in the previous Chapters (3-5), I tried to ascertain, in Chapter 6, the 
mechanism, i.e. which contest assessment model, P. eumolpe use to prevent 
protracted fight. Self and mutual assessment are the two main strategies 
animals have evolved to prevent protracted fighting (Arnott & Elwood 2009). 
Distinguishing between them has been recently been marred by inconsistency. 
Studies have yielded results that are neither consistent with either assessment 
strategy (Morrell et al. 2005; Kelly 2006; Prenter et al. 2008; Reichert & 
Gerhardt 2011; Peixoto & Benson 2012). While conceptual error is possible, 
the mismeasure of RHP, in relation to contest duration, is the more probable 
cause (Elwood & Arnott 2012; Vieira & Peixoto 2013). Thus, I have also here 
attempted to determine whether quantified contest behaviours, in the form of 
behavioural intensity, could be a better predictor of contest outcome and 
contest duration. Based on the finding, I then examined the relationships 
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between contest duration and the RHP of both winners and losers to elucidate 
the contest assessment model used by P. eumolpe. 
In the final Chapter, the findings from all the earlier Chapters are 
reviewed and discussed as a whole. In addition, future research directions are 
proposed whenever possible.  
 
Publication of results from this thesis 
The results of this thesis have either been published, presented in 
scientific meetings, or are being prepared for publication. Specifically, 
Chapter 4 has been published in the journal, Ethology. The results of Chapters 
5 and 6 have been presented in two separate meetings (ISBE 2014 and ABS 
2014) as a poster and a talk, respectively. These results have also been 
prepared for publication. Results of Chapter 3, on the other hand, are still 






Animal fights, although seldom ending in death (Enquist & Leimar 
1990), are nevertheless costly events (Riechert 1988; Thorpe et al. 1995; Hack 
1997). However, to understand how animals resolve conflicts without 
unnecessarily escalating contest cost, it sometimes unavoidable to 
experimentally subject animals to conditions that elicit aggressive behaviours 
(Briffa et al. 2013). Thus, in conducting animal fighting studies, 
considerations should be made to make them as efficient as possible.  
An important and obvious consideration to make is to experiment with 
the least number of individuals required to provide adequate statistical analysis 
(Briffa et al. 2013). In so doing, animals are not unnecessarily subjected to 
stressful conditions of fighting. The efficiency of a study could be further 
increased by the number of questions an experiment could be made to answer 
(Briffa et al. 2013). With careful planning, the need for additional experiments 
to answer different questions could be avoided (Brandt 1999). Not only is this 
beneficial to the experimental subjects, it is a gain in terms of time and 
resources for experimenters.  
In this thesis, I strived to achieve this efficiency by deriving different 
parameters from the same experimental set-up to answer different questions. 
The aim of this chapter, therefore, is to describe the experimental set-up 
common to Chapters 4-6. These Chapters address questions pertaining to the 
contest strategies of P. eumolpe. 
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Collection and acclimatization of specimens 
 
Figure 2.1. Map of sampling locations: Lim Chu Kang Mangroves (see 
Chapter 3), Sungei Buloh Mangroves (see Chapter 3), Pasir Ris 
Mangroves (see Chapter 4,5 and 6) and Kusu Island (see Chapter 3). 
Respective coordinates of locations are listed in text. 
 
Male P. eumolpe crabs were hand-collected from Pasir Ris Mangroves 
(Figure 2.1), North-east of Singapore (1°22’39” N, 103°57’09” E), between 
March and September 2012. The crabs used were all in the intermoult stage 
and without any loss of appendages. Males were housed individually in a 
perforated container (46 × 35 × 24 cm height), filled with black aquarium sand 
of diameter of 1-2 mm, under an open laboratory condition for a week, prior to 
experimentation. In each container, a flowerpot, laid on its side (5.5 cm 
diameter, 5 cm height) and placed in the middle of one end of the container’s 
length, was also provided as a shelter. All individuals were acclimatized for a 
week to reduce the effect of prior fighting experience and condition them to 
the laboratory conditions. Artificially constituted seawater (salinity level of 
30-35 ‰) was used to keep the substrates moist at the start of the acclimation 
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period, and thereafter, every alternate day till the experimental trial. As the 
containers are perforated, there is no risk of increase salinity due to 
evaporation. In a similar fashion, the crabs were fed one food pellet (JBL 
NovoCrabs) each on the second day of the acclimation period, thereafter every 
alternate day till the experimental trial. Uneaten food was removed before new 




The lay out of the experimental area was similar to that of the housing 
container. The arena was kept moist with artificially constituted seawater 
(salinity level of 30-35‰), but care was taken to prevent ponding. The arena 
was also lit with two 15 W Natural Sunlight Lamp (2% Ultraviolet B, 
Acardia). A modified lid was placed on the arena, which covered only 4 cm of 
the border of the arena. It ensured that maximum light could enter the arena, 
but at the same time prevented the crabs from escaping. Good lighting was 
essential as the coloured face band of crabs may be important in contests 
(Huang et al. 2008; Todd et al. 2011). A video camera (Sony HDR-SR8E), 
mounted on a tripod, was used to record each experimental trial from 
beginning to end. In each trial, multiple fights could occur between paired 
individuals. All the trials were recorded from above, without the presence of 
the researchers. Trials were conducted from 0900 to 1700 h. Individuals were 






In each trial, randomly paired males were introduced individually, by 
means of sliding each individual down a PVC pipe, at two corners of the 
experimental arena directly opposite the side of the shelter. They were then 
allowed to settle for 15 minutes. Thereafter, both pipes were removed 
simultaneously, and the crabs were allowed to interact for 45 min before the 
trial was terminated. After each trial, individuals’ carapace width, right chela 
and left chela length (± 0.05 mm) was measured with a dial caliper. All 
interactions between opponents were reviewed via video recordings.  
A fight was defined as any interaction between individuals where 
contact was made, even briefly. The start of the fight was defined as the 
moment where contact was made. The fight was determined to have ended, 
when the pair broke contact for more than 5 s and was more than 5 cm away 
from each other. Any physical interaction thereafter was considered to be a 
new fight. To determine the contest behavioural repertoire of P. eumolpe, 10 
trials were chosen at random and scored for distinctive contest behavioural 
elements. The scored behaviours were compiled into an ethogram (Table 2.1). 
A cumulative plot of new contest behavioural elements found in each 




Table 2.1 Agnostic ethogram and their respective intensity score. 
Behaviour Description Level of intensity 
Stationary Moment of inactivity towards opponent 0 
Back away Moving backwards for a short distance slowly 0 
Disengage Release of interlocking chelipeds with opponent 0 
Retreat Quick movement away from opponent 0 
End Opponents are at least 10 cm away from each other. 0 
Stridulation Stereotypic rubbing of stridulatory organ of one chela with that of another chela 0 
Face 
opponent Orientate body to face opponent 1 
Leg touch Slow approach from the side with 2nd ambulatory legs touching opponent 1 
Side rubbing Rubbing of cheliped against pterygostomian region 1 
Advance Move forward towards opponent 1 
Claw extend Extending chelipeds towards (with or without pushing) opponent 2 
Jump Quick lunge towards the opponent 2 
Claw Swing Chelae held pointing down and swing side to side 2 
Claw tap Striking opponent with the tip of cheliped 3 
Grappling Jostling while interlocking chelipeds with opponent 3 
Jump strike Quick lunge towards the opponent, while striking opponent with tip of cheliped(s) 3 
Start of 
contest Opponents within 5 cm of each other 
 End of 
contest 
Opponents are more than 5 cm away of each other and do not have physical 





Calculation of contest intensity 
Traditionally, to quantify the contest intensity of a fight, each 
behavioural element in the ethogram is first assigned an intensity level. The 
contest intensity of a fight corresponds to the highest level of intensity 
reached. However, such means of quantification may overlook important 
information that can differentiate fights with similar maximum fight intensity 
(Bertram et al. 2010). In this thesis, however, I therefore adapted Bertram et 
al.’s (2010) method to derive contest intensity. Firstly, individual, and not 
overall, contest intensity – corresponding to behavioural intensity – was 
considered (except in Chapter 5, where the average intensity of the two 
opponents was considered). To quantify contest intensity of each individual, 
each contest behaviour was assigned an intensity level – one, two or three – 
one being the lowest and three being the highest. Intensity level was assigned 
based on the perceived energetics required (Table 2.1). All except for one 
(Grappling; see Table 2.1), behaviours were regarded as events and each 
occurrence was considered distinctively unique. Grappling behaviour was 
more a behavioural state and duration of occurrence was important. Thus, for 
grappling behaviour, the intensity level was the assigned value multipled by 
the duration (in seconds) for which it occurred. The score of contest intensity 
was then the sum of intensities that occurred, based on the scored contest 
behaviour of each individual, divided by the total duration (in seconds) of the 






All analyses were made using the statistical software R (R 
Development Core Team 2013) and the relevant R packages, specified in each 




Temporal patterns of stridulatory signals in Perisesarma and Parasesarma 
are species specific. 
Introduction 
Vibro-acoustic modality, alongside visual and chemical 
communication, is an effective mean to broadcast information to several 
individuals (Hill 2001; Bradbury & Vehrencamp 2011). However, the use of 
vibro-acoustic signals poses several challenges. One major hurdle animals 
have to overcome is the transfer of vibrational energy to the propagating 
medium (Bradbury & Vehrencamp 2011). This process, known as coupling, is 
important for the transmission of vibro-acoustic signals. Its efficiency is 
dependent on the size of the signaling organ and the acoustic impedance 
difference (an analogue of electrical resistance) between the organ and the 
propagating medium (Breithaupt 2002; Bradbury & Vehrencamp 2011). This, 
in conjunction with other factors, may explain why vibro-acoustic 
communication is not as widespread as one may expect, but largely restricted 
to vertebrates and arthropods (Hill 2001). In arthropods, the use of vibro-
acoustic modality is further limited to insects, spiders and crustaceans 
(Budelmann 1992). Crustaceans are the most unlikely candidates to exploit 
this modality. They are comparatively small and largely found in aquatic 
environments (with high acoustic impedance) (Breithaupt 2002); and would 
appear to be inefficient vibro-acoustic couplers. Furthermore, crustaceans 
seem to lack specialised organs for sensing vibro-acoustic stimuli (Breithaupt 
2002). Nevertheless, crustaceans are known to produce and react to these 
stimuli (Budelmann 1992; Popper et al. 2001). The common modes of vibro-
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acoustic production in crustaceans are, as in other arthropods, rapping (striking 
body part against substrate) and stridulation (the rubbing of specialised hard 
body part against each other) (Bradbury & Vehrencamp 2011). For the 
detection of vibro-acoustic stimuli, crustaceans rely on a combination of 
sensory organs, which include mechano-sensitive setae cells, chordotonal 
organs between joints of appendages and the internal statocyst systems 
(Popper et al. 2001). 
How crustaceans overcome the challenges of vibro-acoustic production 
and how sensitive are they to these stimuli is poorly understood (Budelmann 
1992). Even less is known about the behavioural response to such intra-
specific signals (Popper et al. 2001). As mentioned in the Chapter 1, semi-
terrestrial brachyurans in the family Ocypodidae (specifically fiddler and 
ghost crabs), are to date the only decapod crustaceans known to respond to 
intra-specific vibro-acoustic signals (Popper et al. 2001). In some species of 
ocypodids, males are induced by vibro-acoustic signals of conspecific 
neighbours to produce signals of their own (Salmon 1965). Often these signals 
are more intense than that of the neighbours. Some species of ghost crabs are 
also known to actively alter their signaling intervals to avoid overlapping the 
vibro-acoustic signals of their neighbours (Horch 1975). The vibro-acoustic 
signals of these ocyodids are generally used in courtship display and territorial 
defense (Salmon 1965; Horch 1975; Salmon 1983; von Hagen 1984). In 
contrast, vibro-acoustic signals produced by other crustaceans are, by and 
large, in response to being alarmed (Guinot-Dumortier & Dumortier 1960; 
Patek 2001; Staaterman et al. 2010). These signals probably have the same 
function as aposematic colouration. As such, except for ocypodids, most 
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crustaceans are unlikely to use of vibro-acoustic modality for intra-specific 
communication. However, recent work on the stridulatory behaviour of 
Perisesarma eumolpe (Chapters 4 and 5), a sesarmid species, suggests that 
ocypodids may not be the only crabs in exploiting vibro-acoustic modality for 
intra-specific communication.  
Like the ocypodids, sesarmids are largely semi-terrestrial and tend to 
possess, or are at least believed to possess, stridulatory structures. For 
instance, sesarmid crabs of the sister genera Parasesarma and Perisesarma are 
characteristed by pectinated crests on the dorsal of the chelar dactylus and 
rows of stiff setae on the dorsal of the chelar propodus. These structures, long 
considered as stridulatory organs, are species-specific and have been used as 
taxonomic characters for species identification (Serène & Soh 1970; Rahayu 
& Davie 2002; Gillikin & Schubart 2004; Naderloo & Schubart 2010; Rahayu 
& Li 2013). In fact, the prior failure to recognise these as important taxonomic 
features have led to serious misclassification (Tweedie 1954). A recent study 
by Boon et al. (2009) showed that at least two species of Perisesarma 
stridulate with these structures. Given that crabs of the genera Parasesarma 
and Perisesarma all possess similar stridulatory-like structures, is stridulation 
a common behavioural trait in these crabs? Furthermore, are stridulatory 
signals of these crab species specific, given that the structures are?  
In this chapter, I will attempt to address these questions, which 
together forms the first objective of this thesis, preliminarily by investigating 
and recording the stridulatory behaviours and signals of P. eumolpe, P. 




Material and Methods 
Collection and acclimatisation of specimen  
Stridulations in P. eumolpe and P. indiarum were only observed in 
males and never in females (Boon et al. 2009). Thus, in this study, only males 
without any loss of appendages and in the intermoult stage of each species 
were used. All three species were hand collected at different locations around 
Singapore. Perisesaram eumolpe were collected from the mangroves of 
Sungei Buloh, North-West of Singapore (1°26'43"N, 103°43'25"E) (Figure 
2.1). On the other hand, P. fasciatum were collected at the back mangroves of 
Lim Chu Kang, North-West of Singapore (1°26'42"N, 103°42'31"E) (Figure 
2.1). As for Parasesarma ungulatum, they were collected among the concrete 
rubble at the base of a bridge at Kusu Island, South of Singapore (1°13'25"N, 
103°51'33"E) (Figure 2.1).  
For each species, individuals in groups of five to six were housed in 
aquaria (48 × 26 × 35 cm width × breath × height) and acclimatised to 
laboratory conditions for seven days before experimental trial began (eighth 
day). To minimise the interference of external environment, black coloured 
paper was used to cover three sides of each aquarium. In each of the housing, 
five cylindrical clear plastic containers (17cm in height, 12cm in diameter) 
laid on their sides were stacked against one side of the tank. The containers 
served as partitions and shelters for the crabs. In each of the aquarium, 
artificially constituted seawater (salinity level of 30-35 ‰) was filled to a 
depth of 4 cm, to keep the crabs moist. The artificially constituted seawater 
was changed every three days to reduce the accumulation of toxins. Crabs 
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were also fed food pellets JBL NovoCrabs) on the second, fourth and sixth day 
of the acclimatisation period. 
 
Recording of stridulatory behaviours and signals 
To record the stridulatory behaviour of each species, a video camera, 
(Sony HDR-SR8E) mounted on a tripod, was used to record the interactions 
between individuals for a period of 3 h per aquarium on the day of the 
experimental trial. Interactions were recorded from the side of the aquarium 
not covered by the black paper. A hydrophone (SQ26-08) with a sensitivity of 
-194 dB, re 1VµPa-1 and a preamplified gain of 25 dB connected to the video 
camera, which can double up as a contact microphone, was secured to the 
bottom of the tank to record stridulatory signals. During the recordings, two 15 
W Natural Sunlight Lamp (2% Ultraviolet B, Acardia) were used to provide 
adequate and natural lighting. This was essential as colours may be important 
to sesarmid crabs during contests (Huang et al. 2008; Todd et al. 2011).  
 
Analysis of stridulatory behaviours and signals. 
Video and audio recordings of interactions between individuals were 
reviewed using QuickTime Player (version 10.4). Multiple stridulations could 
occur within each experimental trial. Stridulatory events were trimmed and the 
audio extracted from the main video recordings. The frequency spectrum was 
calculated using fast Fourier transformation (FFT, frame length 512) using 
Matlab. Principal component analysis was used to reduce the dimension of the 
frequency spectra to four principle components (56.6% of cumulative 
proportion of variance).  
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The following terminology was used for describing the stridulatory signals of 
crabs (Figures 3.1-3.3):  
- Impulse: A single vibro-acoustic event. 
- Syllabus: A train of impulses. 
- Impulse element: A distinct and isolated impulse that has high 
amplitude and frequency. 
 
The stridulatory signals of sesarmid crabs commonly consist of 
repetitive syllabi with varying number of impulses elements in each syllabus. 
Using the free audio software Raven Lite (version 1.0 update 22), the average 
duration of syllabi, the average number impulse elements in each syllabus and 
the average number of syllabi per stridulatory event were measured as the key 
features of the temporal pattern. 
 
Statistical Analysis 
All statistical analyses were conducted using the software R (R Core 
Team 2013), and the relevant R packages. To examine if stridulatory signals 
are species specific, linear discriminant analysis (lda in the package MASS) 
with and without cross validation was used to assess the strength of 
stridulatory signals in species identification (Venables & Ripley 2002). To 
evaluate the effects of temporal pattern and acoustic spectral on the correct 
classification of taxa, different types of acoustic features were used as 
independent variables. To assess effect of temporal pattern, the average 
duration of syllabi, the average number of pulse elements in each syllabus and 
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the average number of syllabi per stridulatory event were used as independent 
variables; whereas, principal component one to four of vibro-acoustic spectra 
were used to examine the effect of acoustic spectral. To examine the combined 
effect of the two types of vibro-acoustic features, the average duration of 
syllabi, the average number of pulse element in each syllabus and principle 
component one and two of the vibro-acoustic spectral were used as 
independent variables (Table 3.2). As the average duration of syllabi and the 
average number of syllabi per stridulatory events were not normally 




Stridulatory signals and their temporal features 
In total, there were 25 stridulatory events recorded for Perisesarma 
eumolpe, nine for P. fasciatum and three for Parasesarma ungulatum. The 
average duration of the stridulatory signals for Perisesarma eumolpe was 9.89 
(SE ± 0.70) s, 12.66 (SE ± 0.34) s for P. fasciatum and 10.80 (SE ± 0.68) s for 
Parasesarma ungulatum (Table 3.1). Generally, the stridulatory signals of 
these three species consist of repetitive syllabi with varying number of 
impulse elements (Figures 3.1-3.3). In addition to these, the stridulatory signal 
of Perisesarma eumolpe tends to have an additional syllabus at the beginning 
of the signal that is not repeated (Figure 3.1).  
The average the number of syllabi per stridulatory event for Perisesarma 
eumolpe, P. fasciatum and Parasesaram ungulatum are 5.48 (± 2.00), 24.89 (± 
2.80) and 31.33 (± 3.51), respectively (Table 3.1). These syllabi have an 
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average duration of 1.26 (SE ± 0.05) seconds, 0.51 (SE ± 0.02) seconds and 
0.35 (SE ± 0.03) seconds for Perisesarma eumolpe, P. fasciatum and 
Parasesara ungulatum, respectively (Table 3.1). The number of impulse 
elements in Perisesarma eumolpe, P. fasciatum and Parasesara ungulatum are 
3.56 (± 0.63), 2.77 (± 0.56) and 4.63 (± 1.45), respectively. Together, these 
made up the key features of the temporal pattern of their stridulatory signals. 
 
Spectral Analysis 
The frequency spectral of the stridulatory signals of Perisesarma 
eumolpe, P. fasciatum and Parasesarma ungulatum are similar. Generally 
broad banded, most of the spectral energy of all three species is below 1000 
Hz (Figure 2.4). The fundamental frequencies of all three species are also very 
similar; the average fundamental frequencies of all three species are 128.98 Hz 
(Perisesarma eumolpe), 171.88 Hz (P. fasciatum) and 128.98 Hz 
(Parasesarma ungulatum) (Figure 3.4). However, there are notable differences 
in the overall shapes of the power spectral density of all three species. The 
power spectral density of Perisesarma eumolpe has a major peak, while that of 
P. fasciatum and Parasesarma ungulatum are bimodal (Figure 3.4). 
 
Statistical Analysis 
 The results of the linear discriminant analyses performed on the three 
sesarmid species, using temporal or spectral features or a combination of these 
features as independent variables, are shown in Table 2.2. When both temporal 
and spectral features were used as independent variables in isolation, 97.3% of 
the individuals were correctly assigned to the correct species group (Table 
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3.2). However, when both temporal and spectral features were used in tandem, 
all individuals were correctly assigned to their respective species. When using 
cross-validation to examine for the possibility of over-fitting, temporal 
features alone had the highest yield (97.3%). While the other independent 
variables are less accurate in assigning individuals to their correct taxonomic 



























Figure 3.2. Stridulatory signal of Perisesarma fasciatum. A: Oscillogram with impulse labeled, B: Spectrogram C: Spectrogram of 








Figure 3.3. Stridulatory signal of Parasesarma ungulatum. A: Oscillogram with impulse labeled, B: Spectrogram C: Spectrogram of 





Figure 3.4. Average power spectrum density of Perisesarma eumolpe (solid line), P. fasciatum (broken 
line) and Parasesarma ungulatum (dotted line). 	
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Table 3.1 Descriptive summary of stridulatory signals of Perisesarma eumolpe, P. fasciatum and Parasesarma 
ungulatum. 
  
Species  N 
Average duration of 
stridulatory signal 
(in seconds) 
Average duration of 
syllabus (in 
seconds) 
Average number of 
impulses element 
per syllabus 
Average number of 
syllabus 
Perisesarma eumolpe 25 9.89 (SE ± 0.70)  1.26 (SE ± 0.05) 3.56 (± 0.63) 5.48 (± 2.00) 
Perisesarma fasciatum 9 12.66 (SE ± 0.34)  0.51 (SE ± 0.02)  2.77 (± 0.56)  24.89 (± 2.80) 
Parasesarma 








Table 3.2. Percentage of correctly classified individuals 








Average duration of pulses (Exponential 
transformed) + Average number of pulses 
(Sine transformed) + Average number of 
pulse elements per pulse 
37 97.3 97.3 
PC1 + PC2 + PC3 + PC4 37 97.3 94.6 
Average duration of pulses (Exponential 
transformed) + Average number of pulse 
elements per pulse + PC1 + PC2 
37 100 91.9 







Stridulation – as a common behavioural trait 
In this study, I have demonstrated that, in addition to Perisesarma 
eumolpe and P. indiarum (Boon et al. 2009), P. fasciatum and Parasesarma 
ungulatum employ the pectinated crests on the dorsal of their chelar dactylus 
and rows of stiff setae on the dorsal of their chelar propodus for stridulation. 
The use of the stridulatory structures by these species also resembles that of 
Perisesarma eumolpe and P. indiarum. To stridulate, the crabs first overturn 
one of their chelae downwards such that the tip of the chela comes into contact 
with the substrate; while holding that chela stationary, they rub the pectinated 
crests of the other chela onto the stiff rows of setae of the stationary chela 
(Tweedie 1954; Boon et al. 2009). As of now, at least three species of 
Perisesarma and one species of Parasesarma are known to stridulate with 
these organs. As these organs are characteristic among crabs of the sister 
genera Parasesarma and Perisesarma, our findings suggest that stridulation 
may be a common behavioural trait in these crabs. Nevertheless, further study 
with a greater number of species, especially from the genus Parasesarma, 
would be helpful in the further validation of this observation. 
 
Sesarmid stridulatory signals 
The statistical analyses showed that both temporal and spectral features 
of the stridulatory signals from individuals are adequate in classifying 
individuals into their correct species group. However, spectral features 
appeared to cause over-fitting. The use of temporal features alone, on the other 
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hand, has the best performance in classifying individuals. These, together, 
suggest that the stridulatory signals of each species are species specific. 
However, these results need to be treated with caution; one reason being that 
the stridulatory data may not be independent. Attempt at marking the crabs 
were not successful and the identification of individuals through video 
recording also proved difficult. As such, I am unable to ensure the 
independence of the stridulatory data. Moreover, the data was also highly 
unbalanced, which could have affected the result. Nevertheless, the results 
lend some support that the signals are species specific. 
Taking the statistical analyses aside, the temporal features of the 
stridulatory signals in terms of the average number of syllabi, the average 
duration of syllabi and the number of impulse elements per syllabus, from all 
three species can be perceived to be markedly different. Similar differences in 
temporal features were also observed between the stridulatory signals of 
Perisesarma eumolpe and P. indiarum (Boon et al., 2009). When the 
stridulatory signals, here, were compared to that of P. indiarum (Boon et al., 
2009), none of the signals from the four species resembles each other in their 
temporal patterns. However, the stridulatory signals of P. eumolpe from this 
study and that from Boon et al. (2009) are similar. While these observations 
are consistent with the earlier statistical analyses, just by considering these 
alone, stridulatory signals of these sesarmid crabs are likely to be species 
specific.  
While the temporal features of the stridulatory signals are distinctive to 
each species, the spectral features are less obviously so. Of the three species 
examined in this study, all frequency spectra were broad banded with the same 
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frequency range. Most of the energy of the stridulatory signals is well below 
1000 Hz. The fundamental frequencies of the three species also range between 
100 and 200 Hz. The similarity in spectral features may reflect the 
physiological constraint these crabs have in detecting and perceiving vibro-
acoustic stimuli. Further study on the signal perception threshold of these 
crabs could help to verify this conjecture. 
The signal characteristics of the three species are unlike those of 
fiddler crabs, another group of brachyurans known to produce vibro-acoustic 
signals. In fiddler crabs, species differ both in the temporal features and in the 
frequency spectra of their vibro-acoustic signal (Salmon 1983; von Hagen 
1984). However, only the temporal patterns of the vibro-acoustic signals differ 
between the three investigated species. These phenomena are not unique; 
sister taxa among orthopteran grasshoppers are also known to produce 
acoustic signals that differ in temporal patterns but not in frequency spectra 
(Schul 1998; Kowalski & Lakes-Harlan 2011; Kowalski & Lakes-Harlan 
2013). Behavioural experiments have also showed that most orthopterans 
recognise these temporal patterns to be species specific (Stabel et al. 1989; 
Schul 1998; Honda-Sumi 2005; Deily & Schul 2009). In orthopterans, the 
temporal features of the vibro-acoustic signals are influenced by the 
morphology of the stridulatory organs and the neuronal circuits; both of which 
are species specific (Kowalski & Lakes-Harlan 2013). The spectra features, on 
the other hand, are largely determined by the external profile of the 
stridulatory organs, which tend to be similar even between distant species 
(Kowalski & Lakes-Harlan 2011; Kowalski & Lakes-Harlan 2013). Thus, the 
temporal patterns, and not frequency spectra, of each species, even among 
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closely related taxa, are unique and distinct. The same could be said of the 
crabs belonging to the sister genera Parasesarma and Perisesarma. While it is 
not known if the neuronal circuits in these crabs differ, the number of 
pectinated crests on the dorsal of the chelar dactylus (stridulatory file) is 
species specific (Tweedie 1954; Rahayu & Davie 2002; Gillikin & Schubart 
2004; Naderloo & Schubart 2010; Rahayu & Li 2013). Moreover, the external 
profile of the stridulatory organs is also tends to be similar between different 
species. Thus, the mechanisms that result the above phenomenon in crabs of 
the genera, Parasesarma and Perisesarma, may be similar to those of 
orthopterans.  
  
Vibro-acoustic signals as a taxonomic character 
 Crabs belonging to the sister genera, Parasesarma and Perisesarma 
are morphologically very similar. In addition to a squarish appearance, crabs 
of both genera have two transverse crests on the male chelar carpus (Guerao et 
al. 2004). The only character that may distinguish the genera apart is the 
presence (Perisesarma) and absence (Parasesarma) of the anterolateral tooth 
(Guerao et al. 2004). However, even this character has caused confusion and 
misclassification. Perisesarma fasciatum, for instance, was previously 
misplaced in the genus Parasesarma due to the confusion over the presence 
and absence of its anterolateral tooth (Lancester 1900). Moreover, many of the 
described species are poorly known (Rahayu & Li 2013). Probably for reasons 
such as these, both genera have until now not been reciprocally monophyletic. 
Advancement in genetics has, thus far, been helpful in recent years to tackle 
the systematic conundrum (Schubart et al. 2006; Naderloo & Schubart 2010). 
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However, the systematic problem is far from being resolved. Here, I will like 
to propose the use of the temporal features of the stridulatory signals from 
these crabs as useful additional taxonomic characters. The temporal features of 
the stridulatory signals from crabs of these genera were shown to be species 
specific. In a number of species, vibro-acoustic signals have been found useful 
in understanding phylogeny (Price & Lanyon 2002; Percy et al. 2006; Gingras 
et al. 2013). It is likely that vibro-acoustic signals will aid in the resolution of 
the phylogeny of Parasesarma and Perisesarma.  
 
Context of vibro-acoustic communication in sesarmid crabs 
Unlike ocypodids (Salmon 1983; von Hagen 1984; Popper et al. 2001), 
the production of vibro-acoustic signals by Perisesarma eumolpe, P. fasciatum 
and Parasesarma ungulatum is not spontaneous. All vibro-acoustic 
productions of the three species were preceded by physical interactions 
between conspecifics. Consistent with the observation of Boon et al. (2009), 
the interaction appeared to be agonistic. As such, the use of vibro-acoustic in 
Parasesarma and Perisesarma is unlikely to be used in the same context as 
ocypodids – for courtship and territorial warning (Salmon 1965; Horch 1975; 
Salmon 1983; von Hagen 1984). The stridulatory display of P. eumolpe has 
been dubbed as a “gesture of defiance or triumph” (Tweedie, 1954:123), 
purporting it to be a sort of victory display. In the next two chapters (Chapters 






In addressing the first question raised in this thesis, all three species 
(two Perisesarma spp. and one Parasesarma sp.) under investigation employ 
the pectinated crests on the dorsal of their chelar dactylus and rows of stiff 
setae on the dorsal of their chelar propodus for stridulation. These structures 
are characteristic among crabs of the genera Parasesarma and Perisesarma (as 
well as many other sesarmids, see Serène & Soh 1970). Thus, together with 
Boon et al. (2009), our findings suggest that stridulation may be a common 
behavioural trait in these crabs. By comparing the stridulation signals from all 
three species and from results obtained in Boon et al. (2009), the temporal 
patterns, but not the frequency spectra, were found to be species specific. 
Being species-specific, the temporal patterns of the stridulatory signals may 




Post-contest stridulation used exclusively as a victory display in mangrove 
crabs. 
Introduction 
Fights in animals are seldom fatal (Maynard Smith and Price 1973; 
Grafen 1987); nevertheless, they remain costly (e.g. Thorpe et al. 1995; Hack 
1997; Riechert 1988). To reduce the cost of fighting, animals have commonly 
employed non-contact signaling (e.g. Logue et al., 2010). Signaling allows 
opponents to interact mutually without the need for physical contact thereby, 
reducing unnecessary escalation of the fight and the cost associated with it. 
This has led many studies to examine how signals, before and during fights, 
achieved cost reduction in animal contests (e.g. Andersson 1980; Waas 1991; 
Hasson 1997; Brown et al. 2006). However, signaling behaviours are not 
limited only to those moments. Post-contest displays are commonly reported, 
but, thus far, have remained relatively poorly studied and understood (Bower 
2005; Matsumura and Hayden 2006). These displays may not aid in the 
reduction of cost in the current contest. However, the displays are likely to 
influence the cost of potential fights in the near future.  
Victory display, defined as a post-contest signal that is performed by 
the winner and not the loser (Bower 2005), is a case in point. Although not 
well understood, victory display could reduce the risk of future conflict by 
discouraging the loser of a recent contest (browbeating rationale) and/or 
nearby onlookers (advertisement rationale) from initiating a new contest 
(Bower, 2005). A recent study using game theory suggests that which role 
victory display would function as, to browbeat opponent or to advertise 
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victory to neighbours, in a species, is dependent on the degree of advantage 
dominance has on reproduction (Mesterton-Gibbons and Sherratt 2006). Thus, 
in species where dominance results in high reproductive benefit, victory 
display is predicted to browbeat the loser into a more permanent subordination 
(browbeating rationale, cf. Mesterton-Gibbons and Sherratt 2006). On the 
contrary, in species with low reproductive benefit from dominance, victory 
display should discourage neighbouring onlookers from further aggression by 
announcing recent victory (advertisement rationale; Mesterton-Gibbons and 
Sherratt 2006). A recent study on little blue penguins (Eudyptula minor), a 
species with low reproductive advantage from dominance, corroborated the 
advertisement rationale: victory display in little blue penguin increases the 
heart rate of nearby potential competitors but not that of mates (Mourtede et 
al. 2012). It remains to be seen if victory display serves to browbeat loser of a 
recent fight, in a species where reproductive advantage of dominance is high 
(but see Chapter 6). 
Despite the substantial consequences that victory display may have on 
the cost of future fight, it has received little attention. Accounts of plausible 
victory display have been recorded in a range of species (e.g. in birds [Waas 
1990; Kraaijeveld and Mulder 2002], in amphibians [Wells 1978], in crickets 
and wetas [Hack 1997; Kelly 2006] and in crustaceans [Tweedie 1954]). 
However, many of these have been just side notes and/or anecdotes. To date, 
only a few detailed studies have specifically examined for the presence of 
victory display in animals (Grafe and Bitz 2004; Lippold et al. 2008; Bertram 
et al. 2010; Mourtede et al. 2012). Among these studies, all with the exception 
of Lippold et al. (2008) who positively identified post-contest signals to be 
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victory displays. Instead of a victory display, Lippold et al.’s (2008) found that 
post-contest behaviours in black-capped chickadees are performed by only 
losers and not by winners. Yet, not all post-contest displays, performed by the 
winners, are necessarily victory displays. Some are probably agonistic 
displays in anticipation of further aggression (Bower 2005). Thus, to gain a 
better understanding on the function of victory display and its importance in 
animal fights, verifying and examining the presence of victory display in 
animals are fundamental steps. Here I aim to verify that the post-contest 
stridulation of a mangrove crab, Perisesarma eumolpe, is a victory display. To 
our knowledge, this is the first of such behaviour verified in brachyurans and 
possibly decapods. 
 Stridulatory behaviour of Perisesarma eumolpe was first described 
anecdotally by Tweedie (1954), and later in detail by Boon et al. (2009). 
Stridulation has often been associated as one of the many contest behaviours 
of P. eumolpe. When detailing the behaviour, Boon et al. (2009) noted that 
stridulation usually occurs after the occurrence of contact fight. However, it 
was not mentioned if stridulations were peformed by winners only or if they 
signaled the conclusion of contests – conditions necessary to qualify as a 
victory display (Bower 2005). Nevertheless, when Tweedie (1954:123) first 
described the stridulatory behaviour in P. eumolpe, he annotated the behaviour 
as a “gesture of defiance or triumph”, purporting it is as a sort of victory 
display. 
Identifying victory displays can prove challenging, since post-contest 
displays, performed by the winners, could probably be agonistic displays in 
anticipation of further aggression (Bower 2005). Hence, to verify if the 
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stridulatory behaviour of P. eumolpe is a victory display, I followed the 
proposed criteria set by Bower (2005). His criteria for a victory display are 
that (i) the display is restricted to winners, (ii) it is performed in a post-contest 
context and (iii) it has unique features, differing—even subtly—from other 
agonistic behaviours (Bower 2005). Firstly, I investigate whether stridulatory 
behaviours are restricted only to winners. Secondly, I examine whether 
stridulations occur at the conclusion of contest. Lastly, I assess the factors that 
influence the probability of stridulation.  
Material and Methods 
The data presented in this chapter, obtained between June and 
September 2012, is a truncated set of the complete data (that was obtained 
from March to September 2012; see Chapter 2). The reasons for presenting a 
truncated data set were that earlier data (data from March to June 2012) was 
inadvertently missed during analyses, and these analyses had already been 
published. To prevent confusion from the published work, I chose to present 
the analyses of the truncated data in this chapter. To ensure that the findings of 
this chapter did not change with the inclusion of addition data, the analyses of 
the complete data set were included in the Appendix.  
For details on the collection of specimens, conditions and period of 
acclimatisation, and the experimental set-up and procedures of this chapter, 
please refer to the Chapter 2, general material and methods, of this thesis.  
Specific to this Chapter, more than one fight can occur within the same 
trial. The contest behaviours of each individual in each fight of each particular 
trial were scored as in accord to Chapter 2. As such, the timing, duration, 
grappling duration and individual contest intensity (calculated as in Chapter 2) 
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of each fight in a trial was recorded. The nature of each fight, as to whether the 
fight was over the possession of the shelter or not, was also recorded. Lastly, 
the timing of stridulations, if they occurred, was also noted.  
 
Analysis 
Body and chelae dimensions (carapace width, right and left chela 
length) of the crabs were shown to be highly multi-collinear, as estimated 
using the car package (Fox and Weisberg 2011). To avoid problems of multi-
collinearity, a new estimate for overall size, combination of the size variables, 
was constructed. This was done using principal component analysis, after 
obtaining a Kaiser–Meyer–Olkin measure of 0.723, using the rela package 
(Chajewski 2009), from the size measurements. Generalised linear mixed-
effects models (GLMM) with binomial errors in the lme4 package (Bates et al. 
2011) were used to examine which variables influence whether individuals 
stridulate at the end of a contest or not. Generalised linear mixed-effects 
model were selected because the dependent variable was binary (stridulation; 
no = 0, yes = 1) and the data were not independent within trials, time and 
within individuals. The latter was dealt with using different random effects 
structures. The independent variables (fixed effects) of the initial model were: 
duration of contest, overall size of the individual, outcome of fight (winner or 
loser), individual intensity and whether fight was over the limited resource 
(shelter) or not. The random effects of the model represented the nesting of the 
observations within individuals and within trials. The timing at which each 
fight occurred was initially fitted as a random slope in the random effects part 
of the model, but was removed after comparing it with a simpler random 
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intercept model using the Akaike’s information criterion (AIC). Once the 
random structure was selected, I proceeded to obtain the final model by 
removing the main effects in a stepwise manner using likelihood ratio tests.  
 
Results 
 A total of 55 fights from 17 trials were recorded, of which 34 (61.8%) 
fights resulted in stridulations. The average duration of the fights was 51.2 
seconds (interquartile range, 4-73). Stridulation was never observed to occur 
before any antagonistic interaction. No individual stridulated more than once 
in one contest. Out of the 37 stridulations observed, 31 (83.8%) occurred after 
the conclusion of the contest and were all performed by winners. Of the 
remaining observations, two losers stridulated during the contest. However, in 
those trials, the winner stridulated almost immediately after, and resumed 
engaging the loser. In the other situation, where winners stridulated during the 
fight, losers were unable to distance themselves from the winner after 
stridulation, due to confinement at the corner of the arena. Fights were 
observed to resume after stridulation until the losers could distance themselves 
from the winners.  
Five stridulations were observed to occur after agonistic interactions, 
but without physical contact (i.e. fighting). While these interactions were not 
fights, they are still agonistic in nature. These non-contact agonistic 
behaviours include dashing and jumping towards the opponent. 
The statistical analysis was also consistent with the above observation 
(Table 4.1); winning a fight significantly increased the probability of 
stridulation (GLMM: β = 3.91, SE = 0.80, χ2 = 43.64, P < 0.001). In addition, 
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individuals who fought more intensely were also more likely to stridulate 
(GLMM: β = 0.62, SE = 0.25, χ2 = 6.63, P = 0.018). The duration of fight, 
overall size of an individual, and the context of the fight, all do not predict the 











Table 4.1 General linear mixed model investigating on the effects of contest outcome and fight intensity 
on the probability of stridulation. 
  Effect size (β) SE P (Wald statistic) 
Full model 
   Size of individual 0.035 0.180 0.843 
Total contest duration (s) 0.002 0.004 0.578 
Outcome of fight (winner or loser) 3.955 0.811 < 0.001 
Fight intensity 0.622 0.264 0.018 
Whether fight is over shelter or not 0.426 0.629 0.498 
  Effect size (β) χ2 (df) P value 
Final model 
   Outcome of fight (winner or loser) 3.910 43.641 (1) < 0.001 








Victory display in P. eumolpe 
 Our analyses suggest that stridulation in P. eumolpe is likely to be a 
victory display. It certainly fulfils all three criteria of a victory display (Bower 
2005). Stridulations were, generally, (1) restricted to winners, (2) performed 
after contests, and (3) distinctive from other agonistic behaviours. In fact, 
stridulations were not only distinctive; they were never seen used in any 
agonistic context other than to exert victory. This exclusive use of behaviour 
type for victory display has yet to be reported. Typically, victory displays in 
many species consists of agonistic behaviour types already in use throughout 
the contest (Bower 2005). For instance, songs and stridulations were shown to 
be victory displays in birds (e.g. Waas 1990; Grafe and Bitz 2004), and wetas 
and crickets (e.g. Kelly 2006; Bertram et al. 2010), respectively. However, 
songs and stridulations are well known common agonistic behaviours used 
throughout fights in birds, and crickets and wetas, respectively. As a result, 
this report may be the first record where a behaviour type is exclusively used 
for victory display. Secondly, while contest duration was not found to predict 
the likelihood of winners stridulating (Mesterton-Gibbons and Sherratt 2012), 
winners were found more likely to stridulate after intense agonistic 
interactions. This is consistent with Mesterton-Gibbons and Sherratt’s (2012) 
suggestion that victory displays should only occur when the cost of fighting is 
sufficiently high. Intensity of fight, like contest duration, is a mean of 
measuring of the cost of fighting, and could be used as surrogates for each 
other, provided that the intensity per unit time was approximately constant. As 
a result, as the intensity of fight (cost of fight) increases, the probability of 
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winners stridulating also increases. Our results indicate, however, that in the 
case of P. eumolpe, contest intensity, and not contest duration, may be more 
reflective of the cost of fighting in this case. Further research with other 
species could be directed to ascertain the role of intensity and duration on the 
probability of winners signaling. Consequently, these results collectively 
suggest that stridulation in P. eumolpe is likely to be a victory display. 
 While stridulations in P. eumolpe are generally consistent with the 
predictions of a victory display, there were some exceptions. For example, 
losers were found stridulating during the contest in two independent trials. 
Those stridulations were likely claims of victory, albeit mistaken ones. 
Winners were observed to stridulate immediately after – seemly challenging 
the losers’ stridulation. In addition, winners resumed further agonistic 
interactions immediately after. The losers, in these fights, could have 
mistakenly perceived that the fights have concluded and that they were the 
winners. These mistakes could have led losers and winners to stridulate during 
the fight, rather than after. 
In two trials, winners were found to stridulate during the contest 
instead of after. However, these stridulations are probably post-contest victory 
display too. In these instances, after the winner had stridulated, the losers, due 
to the spatial constraint of the experimental arena, were unable to put adequate 
distance between themselves and the winners. As a consequence, the fights 
resumed – always initiated by the winners. Hence, it is probable that winners 
continued exhibiting aggression towards losers despite them having already 
yielded. Thus, appearing like these stridulations were performed during a fight 
rather than after. 
		 54	
 Lastly, some stridulations were seen elicited after agonistic interactions 
without physical contact. These are also likely victory display. While agonistic 
behaviours without physical contact do occur in nature, establishing a good 
criterion to include them in our analysis was difficult. Thus, for a more 
accurate analysis, I limited our definition of fights to agonistic interactions 
with physical contact. As such, stridulations arising from non-physical 
agonistic interactions were likely performed in the same context as those 
elicited after physical ones. Thus, these stridulations are not inconsistent with 
the definition of victory display. 
 While stridulation induced by non-physical interaction is a rarity in this 
experiment, this phenomenon is more commonly observed in the wild. The 
limited area of the experimental arena probably compelled individuals into 
physical interactions. However, in their natural habitat, individuals could 
avoid physical agonistic interactions by moving away from their aggressor. 
Thus, non-physical agonistic interactions and stridulations elicited from them 
are more common. 
 
Importance of criteria verification 
 Besides P. eumolpe, victory displays are suspected in a number of 
species of astacideans (Mesterton-Gibbons and Sheratt 2006). Astacidean 
crayfishes are known to direct urine towards opponents during agonistic 
interactions (e.g. Zulandt Schnider et al. 1999; Breithaupt and Eger 2002; 
Bergman et al. 2005; Moore and Bergman 2005; Katoh et al. 2008). Since 
dominant individuals tend to release more urine (e.g. Breithaupt and Atema 
2000; Breithaupt and Eger 2002; Bergman et al. 2005; Moore and Bergman 
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2005; Katoh et al. 2008), urination was thought to be a potential candidate for 
victory display (Mesterton-Gibbons and Sheratt 2006). However, urination in 
astacideans is unlikely a victory display. Firstly, the release of urine in most, if 
not all, species was reported to occur before and more actively during 
agonistic interactions (e.g. Breithaupt and Atema 2000; Breithaupt and Eger 
2002; Bergman et al. 2005; Katoh et al. 2008). It does not appear that the 
urination is a post-contest behaviour in these animals. Secondly, urination is 
not exclusive to the winners; losers were also found releasing urine, but with 
less frequency (Breithaupt and Atema 2000; Breithaupt and Eger 2002; 
Bergman et al. 2005; Katoh et al. 2008). Hence, it is unlikely that urination in 
astacideans is a form of victory display. This suggests that, P. eumolpe, and 
possibly its congeneric, could be the only decapods that exhibit victory 
display. 
 
Function of victory display 
 The function of victory displays remains poorly understood, even 
though victory displays are becoming evidently more widespread and common 
among gregarious animals. Two major hypotheses have since been brought 
forth (Bower 2005; Mesterton-Gibbons and Sherratt 2006). The first is the 
advertisement hypothesis, where victory display acts to announce recent win 
of the victor to by-standers, in the bid to reduce the probability of a new 
contest. The second is the browbeating hypothesis, where victory display 
served to decrease the probability of the loser from re-initiating another fight 
with the winner in the near future. The function of victory display in P. 




 In this chapter, stridulation was never observed before a contest or 
outside the context of a fight. Instead, winner usually performed it after a 
contest Thus, stridulation is likely used exclusively as a victory display in this 
species. In addition, winners that stridulate after a contest tend to fight more 




A mangrove crab uses victory display to “browbeat” losers from re-
initiating a new fight. 
Introduction 
Signaling behaviors are often associated with animal contest. Used 
before and during contest, signals can curtail the cost of fighting by preventing 
unnecessary escalation (Andersson 1980; Waas 1991; Hasson 1997; Brown et 
al. 2006). However, the function of signals performed after contests are often 
less understood (Bower 2005; Bradbury & Vehrencamp 2011). Performed 
only by winners, victory or triumph displays are examples of post-contest 
signals (Bower 2005). Hitherto, these behaviors have received relatively little 
attention both theoretically (Bower 2005; Mesterton-Gibbons & Sherratt 2006; 
Mesterton-Gibbons & Sherratt 2013) and empirically (Lippold et al. 2008; 
Bertram et al. 2010; Fitzsimmons & Bertram 2013). Likewise, the function 
and roles of victory displays are only beginning to be understood (Mesterton-
Gibbons & Sherratt 2006; Mouterde et al. 2012; Fitzsimmons & Bertram 
2013; Mesterton-Gibbons & Sherratt 2013).  
Performed after the contest, victory displays are unlikely to aid in the 
mitigation of contest cost. Instead, they are believed to lessen the risk of a 
future fight (Bower 2005). This can be achieved by reducing the propensity of 
future fights by nearby eavesdroppers (advertisement rationale; sensu 
Mesterton-Gibbons and Sherratt (2006) and/or the loser of a recent contest 
(browbeating rationale; sensu Mesterton-Gibbons and Sherratt 2006). The role 
(“advertisement” or “browbeating”) victory displays assume in a species, is 
predicted to dependent on the reproductive advantage of dominance or how 
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contest victory influences reproductive success (Mesterton-Gibbons & 
Sherratt 2006). When victory is unlikely to affect reproductive success in a 
species, the reproductive advantage of dominance of that species is said to be 
low. This is more commonly observed in socially monogamous species; where 
losing a contest does not necessary translate to the loss of reproductive 
opportunity (e.g. in the tropical Boubou bird, Laniarius aethiopicus; Grafe and 
Bitz 2004). Whereas, in species where reproductive success is dependent upon 
contest victory, such as species that exhibit resource defense polygyny, the 
reproductive advantage of dominance is said to be high (Mesterton-Gibbons & 
Sherratt 2006). Victory displays, in species with low reproductive advantage 
of dominance, is predicted by game theory analysis to discourage 
eavesdroppers from challenging the winner (Mesterton-Gibbons & Sherratt 
2006). On the other hand, if reproductive advantage of dominance is high, 
victory displays are more likely to browbeat opponents into a longer lasting 
submission. A recent work on little blue penguin (Eudyptula minor), a species 
with low reproductive benefit from dominance, has provided empirical support 
for the ‘advertisement’ hypothesis; the heart rates of potential competitors, but 
not mates, were elevated when exposed to victory displays (Mouterde et al. 
2012). However, to my knowledge no experiments that have evaluated the 
‘browbeating’ hypothesis. Using the mangrove crab Perisesarma eumolpe 
(Sesarmidae), I attempt in this study to assess whether victory displays have a 
‘browbeating’ function. 
The stridulatory victory display of P. eumolpe was first observed by 
Tweedie (1954) and later described in detailed by Boon et al. (2009). 
However, it was only recently, in Chapter 6, that it was verified as a victory 
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display, using criteria established by Bower (2005). The function of victory 
display in P. eumolpe, however, has until the present study remained unclear.  
Individual males are often observed together with many females (Chen 
et al. 2014) and male crabs are known to selectively defend female neighbors, 
since they are potential mates (Milner et al. 2010; Mautz et al. 2011). While 
further study is needed to substantiate this, winners are more likely to have 
access to females than losers, i.e. reproductive advantage of dominance in P. 
eumolpe is likely high. Following game-theory predictions, victory display in 
P. eumolpe may function to ‘browbeat’ losers. To investigate this, I examine if 
victory display in P. eumolpe functions to browbeat losers, I examine the 
influence of victory display, while controlling for other factors (contest 
duration and contest intensity of previous fight, and size dimensions of both 
winners and losers), on the risk and time taken by losers to re-initiate new 
fights with winners. 
 
Material and Methods 
The data of this Chapter was from the same experiment set up as in 
Chapter 4. Please refer to the Chapter 2, general material and methods, for the 
details on the collection of specimens, conditions and period of 
acclimatisation, and the experimental set-up and procedures.  
 
Experimental procedures 
Specific to this Chapter, the number of fights, the contest duration and 
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contest intensity of each fight in every trials were tallied by reviewing through 
video recordings. Contest intensity of each fight was quantified by the sum of 
the scored contest behavior of both individuals, divided by the contest duration 
(see Chapter 2 for details on calculation of individual contest intensity). In 
addition, the occurrences of victory display, after each fight, were also 
recorded.  
Analysis 
As with Chapter 4, body and chelae sizes of crabs were shown to 
present high multicollinearity, using variance inflation factors in the car 
package (Fox & Weisberg 2011). To avoid multicollinearity, a new size 
variable was constructed using principal component analysis. An overall 
Kaiser–Meyer–Olkin measure of 0.73 was obtained and the first principal 
component was then used to represent the combination of body and chelae 
sizes (psych package, Revelle 2013). 
A mixed effects Cox proportional hazards model was employed 
because the data were nested within trials (coxme package: (Therneau 2003; 
Therneau 2012). To further account for the possible effect of fighting 
sequence, for instance due to fatigue in the contestants from previous fights, 
the fight number was included as a random slope in the random effects part of 
the model. Our model was adjusted for right-censored data. The dependent 
variable of the model was time for the loser to reinitiate a new contest. The 
independent variables of the model were: contest duration of previous fight 
(centred), contest intensity of previous fight (centred), principal component 
reduced size variable of winner and loser and occurrence of victory display in 
previous fight. Contest intensity of previous fight was log-transformed to 
		 61	
improve the hazard proportionality of the variable. To obtain the final model, I 
removed the independent variables in a stepwise manner using likelihood ratio 
tests. As there is not yet an appropriate diagnostic analysis for mixed effects 
Cox proportional hazards models, I employed diagnostic analyses for Cox 
Proportionality hazards model without random effects. Scaled Schoenfeld and 
Martingale residuals were used to check whether the hazard proportional and 
non-linearity assumptions were violated respectively. Schoenfeld’s residual 
plots showed that both log-transformed contest intensity of previous contest 
and performance of victory display have a hump-shaped relationship with 
time. However, there was no significant trend between the hazard rate and the 
respective variables. 
Results 
Contest interactions between individuals occurred in 27 staged trials, 
out of which only six trials had only one fight per trial (average of 2.89 
number of fights per trial). A total of 78 fights were recorded from the 27 
trials, among which 62.3% (44/78) of them ended with victory display. In 
addition, throughout the experiment, losers reinitiated new fights with winners 
27 times (35.1% of re-contest events). The average duration of the contest was 
43.7 seconds (SE = 7.6 seconds) (Table 4.1 shows the descriptive statistics of 
the experiments). 
From the statistical analyses, only the performance of victory display 
was found to influence the risk of losers reinitiating a new contest with 
winners (Table 5.2). I found that the performance of victory displays in the 
previous contest decreased the risk or hazard rate of losers reinitiating a new 
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contest by 72.3% (Final model: eβ = 0.277, SE = 0.443, P = 0.004, Table 5.2 




















Mean Contest Duration (SE) in 
seconds 
Mean Contest Intensity 
(SE) 
Trials 27 Contest 78 43.70 (± 7.60) 3.33 (± 0.26) 
Losers re-
initate fight 27 
Victory Display 
not performed 18 (23.4%) 49.67 (± 23.74) 2.69 (± 0.55) 
After Victory 
Display 9 (11.7%) 21.00 (± 11.93) 2.50 (± 0.68) 
Winners re-
intiate fights 50 
Victory Display 
not performed 18 (23.4%) 46.22 (± 13.86) 2.52 (± 0.46) 
After Victory 
Display 33 (42.3%) 45.27 (± 9.75) 4.33 (± 0.37) 
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Table 5.2. Cox proportional hazard model: investigating on the effects of previous contest intensity and 
performance of victory display on the risk or hazard rate of losers reinitiating a new fight with winners. 
  Effect size (β) SE eβ 
P (Wald 
statistic) 
Full model (Likelihood ratio test = 13.1, d.f. = 5, P = 0.02) 
Size of Winner -0.117 0.180 0.889 0.520 
Size of Loser -0.073 0.123 0.929 0.550 
Contest duration of previous fight (centred) -0.154 0.003 0.130 0.230 
Contest intensity of previous fight (centred, log-
transformed) -0.295 0.165 0.744 0.074 
Victory Display  -1.122 0.459 0.326 0.015 
Final model (Likelihood ratio test = 12.63, d.f. = 2, P=0.002) 



















Figure 5.1. Estimated survival functions for Cox proportional hazards models showing the time 
for the losers to reinitiate the fight when they were exposed (solid line) and not exposed (broken 




Within contest dyad function of victory display 
Our results show that stridulatory victory displays in P. eumolpe are 
used to deter losers from re-engaging in a new fight. This is also the first time 
it has been shown that victory display functions within the contest dyad 
(Bower 2005); the victory display ‘browbeats’ loser from reinitiating a new 
fight with the winner. Our findings corroborate prior game-theory predictions 
that this ‘browbeating’ function of victory displays is an evolutionary stable 
strategy (Mesterton-Gibbons & Sherratt 2006; Mesterton-Gibbons & Sherratt 
2013). The dominance of the winner is not ensured whenever there exists a 
risk that the loser could re-engage. However, if the loser can be discouraged 
from entering into another fight, the victory of the winner can be more 
permanent (Mesterton-Gibbons & Sherratt 2013). As such, our results show 
that winners can ‘browbeat’ losers into subordination by performing victory 
display.  
 
Without dyad function of victory display in P. eumolpe? 
Other than ‘browbeating’ losers into submission, victory displays can 
also function outside of the dyad – as an advertisement to eavesdroppers of the 
recent victory (Mouterde et al. 2012). These two roles are not mutually 
exclusive, but could occur concomitantly (Bower 2005; Mesterton-Gibbons & 
Sherratt 2006). Crickets are likely species with high reproductive advantage of 
dominance (Mesterton-Gibbons & Sherratt 2006). Thus, victory displays in 
crickets are likely to function in the same manner as that of P. eumolpe’s – 
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deterring losers from re-engaging in another contest with winners (Mesterton-
Gibbons & Sherratt 2006). However, in a recent study, crickets were shown to 
exhibit audience effect when performing victory display (Fitzsimmons & 
Bertram 2013). Male crickets perform more victory displays in the presence of 
a male, but not a female, audience. Notwithstanding of not knowing how 
eavesdroppers would respond, the study suggests that victory displays can 
have concurrently functions within and without the contest dyad. Thus, victory 
display in P. eumolpe may also act to influence eavesdroppers but further 
research is needed to test this hypothesis. Nevertheless, our findings showed 
that despite the absence of an audience, winners would still stridulate after 
winning a contest. This suggests that post-victory stridulation in P. eumolpe, at 
the very least, functions to discourage losers from future contests. 
 
Victory display as a reliable signal of superiority 
Performance of energetic victory displays, such as stridulation in P. 
eumolpe, may not be costly (Bower 2005; Mesterton-Gibbons & Sherratt 
2013). However, after a long and/or intense contest (Bower 2005; Bertram et 
al. 2010; Mesterton-Gibbons & Sherratt 2013; Chen et al. 2014), they could be 
difficult to achieve. Hence, energetic victory display has been thought of as a 
reliable signal of winner’s quality (Bower 2005; Mesterton-Gibbons & 
Sherratt 2013). The browbeating function of victory display supports this 
hypothesis. For a signal to persist in a system, it has to be consistent with the 
attributes of the signaler or its environment. Otherwise, receivers will cease to 
pay attention and communication will breakdown (Zahavi 1975; Maynard 
Smith 1991; Searcy & Nowicki 2005). Our findings showed that losers 
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(receivers) respond to signal of victory by winners (signalers) by reducing 
future contestation, thus suggesting that victory display is a reliable signal of 
winner’s superiority. However, more work is needed to determine whether 
signal intensity of victory display is related to winner’s fighting ability. 
 
Evolutionary adaptation of stridulatory victory display in P. eumolpe 
The lasting dominance resulting from victory display in P. eumolpe is 
adaptive for two reasons. Being subjected to tidal influence, time is a limited 
resource for P. eumolpe. By prolonging victory, stridulatory victory display 
would allow winners to engage in other essential activities such as feeding and 
mating, instead of having to constantly fend off losers (Mesterton-Gibbons & 
Sherratt 2013). Moreover, fighting can greatly increase the risk of predation 
(Jakobsson et al. 1995a; Brick 1998; Kelly & Godin 2001). During a fight, the 
contestants are less attentive to their surroundings and hence unable to detect 
the presence of predators (Jakobsson et al. 1995a). For instance, the water 
monitor lizard, Varanus salvator, has been observed to prey on P. eumolpe 
that could not seek shelter in time (pers. obs., Chen Z.P.). Winners, by 
establishing dominance through victory display, can therefore reduce the 
number of unnecessary contests, thereby reducing the risk of predation. 
 
Summary 
In this Chapter, I demonstrate that the stridulatory victory display in P. 
eumolpe ‘browbeats’ losers into submission. Losers are less likely to enter into 
another contest with winners after victory display. Furthermore, losers’ 
responses to the post-victory stridulation lend support to the idea of energetic 
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victory display being a reliable signal of winner’s quality. Aside from the 
‘browbeating’ function, victory display in P. eumolpe may also influence the 
behavior of eavesdroppers; but more research will be needed to test this 
hypothesis. In any case, our results have verified prior game-theory analyses, 
which suggest the browbeating function of victory display to be an 





Contest assessment strategy in a species of mangrove crab 
Introduction 
Animal fights can be fatal, however, such occurrences are rare (Enquist 
& Leimar 1990). Instead, most contests are resolved when one rival decides to 
withdraw. The decision to concede can be based either on a comparison 
between one’s fighting ability or resource holding potential (RHP) and that of 
its opponent (Mutual Assessment) (Enquist & Leimar 1983; Enquist et al. 
1990), or on a threshold influenced by its RHP (Self Assessment) (Mesterton-
Gibbons et al. 1996; Payne & Pagel 1996; Payne & Pagel 1997). These 
assessment strategies currently form the bases of our understanding on how 
animals fight (Elwood & Arnott 2012). Thus, the ability to discriminate 
between them is essential in the study of animal contests (Briffa et al. 2013). 
 A popular method to distinguish between assessment strategies 
is to examine the relationships between contest duration and RHP of both 
winner and loser (Taylor & Elwood 2003; Arnott & Elwood 2009). Fights that 
are determined by pure self assessment models, contest duration would 
increase both with loser and winner RHP, but less strongly with winner RHP 
(Arnott & Elwood 2009). On the other hand, in fights determined by mutual 
assessment models or cumulative assessment model (CAM), a self assessment 
model where cost is accrued by opponent’s action (Payne 1998), contest 
duration would increase with loser RHP but decrease with winner RHP 
(Arnott & Elwood 2009). To further differentiate between CAM and mutual 
assessment models, additional approaches, such as the examination of the 
relationship between contest duration and RHP-matched opponents and the 
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investigation of contest dynamics (Arnott & Elwood 2009; Briffa & Elwood 
2009), are needed. While this framework (Figure 6.1) has largely been 
effective in discriminating between contest assessment types (Prenter et al. 
2006; Junior & Peixoto 2013; Palaoro et al. 2014), it has produced several 
equivocal results. In a handful of studies, outcomes were neither consistent 
with self nor with mutual assessment predictions (Morrell et al. 2005; Kelly 
2006; Prenter et al. 2008; Reichert & Gerhardt 2011; Peixoto & Benson 2012). 
Though this may suggest gaps in current contest theories (Vieira & Peixoto 
2013), it is more plausible that the cause lies in the difficulty in measuring 
RHP (Lailvaux & Irschick 2007; Henningsen & Irschick 2012; McLean & 
Stuart-Fox 2015). 
 
Figure 6.1 A: The predicted relationships between contest duration and the 
RHP of winners and losers in pure self assessment strategies. B: The 
predicted relationships between contest duration and the RHP of winners 
and losers in cumulative assessment model (CAM) and mutual assessment 
strategies. C: The predicted positive relationship between contest duration 
and RHP-matched opponents in CAM. D: No obvious relationship between 




Resource holding potential being a latent variable cannot be measured 
directly (Parker 1974). Instead, it is often estimated from a combination of 
traits that predicts contest outcome (Kemp et al. 2006; Stuart-Fox et al. 2006). 
These traits range across body measurements, weapon dimensions, personality 
traits and measures of performance (Lailvaux & Irschick 2007; Arnott & 
Elwood 2009; Briffa et al. 2015). Of these, there is no generality in the type of 
traits that best estimate RHP (Vieira & Peixoto 2013); traits that predict 
contest outcomes often differ between taxa (Lailvaux & Irschick 2007; Arnott 
& Elwood 2009; Vieira & Peixoto 2013). As a result, identifying traits that 
might estimate RHP can be difficult (Elwood & Arnott 2012), and may lead to 
RHP mismeasurement. Besides, with the current method of estimating RHP, 
there is no knowing how many traits are important contributors of RHP and if 
any such traits has been missed. Furthermore, among traits that predict contest 
outcome, the reliability of estimating RHP are likely to differ. Yet, without 
knowing what the true RHP is, there is no telling on how reliable each trait is 
in estimating RHP. Thus, unless a multivariate measure is used (e.g. Stuart-
Fox 2006; Stuart-Fox et al. 2006), surrogating RHP with a single trait 
measurement could also unknowingly contribute to the mismeasure of RHP. 
With these possibilities of RHP mismeasurement, there is no need to attribute 
the occasional ineffectiveness of the above framework to the possible 
deficiency in current contest theories. 
Although practical challenges prevail, accurate estimation of RHP is 
not an impossibility. The two main factors by which animal contests are 
determined are motivation (perceived resource value) and RHP (Parker 1974). 
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Both of these factors interact and contribute to the contest behaviours of 
individuals. Thus, the RHP of an individual to that of its opponent – a relative 
measure – can be estimated from its contest behaviours during contest, when 
contestants are similar in their motivation – i.e. when contestants accord 
similar value to disputed resource. Estimating RHP in this manner greatly 
reduces mismeasure, since contest behaviours are necessary influenced by the 
interaction between the contestants’ RHP. However, such estimation of RHP 
renders existing predictions of assessment strategies inappropriate for 
comparison, since in the models absolute measures – not relative measures – 
of RHP are used (Taylor & Elwood 2003). 
Perisesarma eumolpe is a common mangrove crab species. The first 
contest account between two P. eumolpe males was recorded by Tweedie 
(1954), based on a chanced encounter at a mangrove swamp near Port 
Dickson, Malaysia. Since then, different aspects of P. eumolpe fights have 
been examined (Boon et al. 2009; Todd et al. 2011; Wang & Todd 2012) (also 
in Chapters 4-7). However, no study has yet investigated the contest 
assessment strategy of P. eumolpe.  
In this study, I seek to find the best contest assessment model that 
explains the fighting behaviours of P. eumolpe. Foremost, I attempt to identify 
traits that might associate best with RHP. Body and weapon size are well 
known traits known to predict contest outcomes in crustaceans (Briffa 2013). 
At the same time, I want to determine if contest behaviours, quantified as 
behavioural intensity – a measure of contest intensity exhibited per individual, 
could function as a measure to estimate relative RHP. Traditionally, the 
contest intensity corresponds to the highest level of intensity reached during 
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the fight. However, by adopting Bertram et al. (2010)’s method, contest 
intensity could be used to quantify fighting behaviours. Thereafter, I examine 
which of the RHP-correlating traits best associate with contest duration. Based 
on our findings, I then examine the relationships between contest duration and 
the RHP estimates of both winners and losers to test predictions of self and 
mutual assessment models. Body and weapon sizes are both absolute measure 
of RHP, results are hence tested against the predictions of Arnott and Elwood 
(2009) and Briffa and Elwood (2009). However, these predictions cannot be 
appropriately used in the case of behavioural intensity, since it is a relative – 
not an absolute – measure of RHP. Instead, based on existing contest theories, 
I developed new relationship predictions between contest duration and 
behavioural intensity of both winners and losers. Following that, I examine 
how our results compared to the newly developed predictions. 
 
Material and Methods 
As in Chapter 4 and 5 of this thesis, please refer to the Chapter 2, 
general material and methods, of this thesis for details on the collection of 
specimens, conditions and period of acclimatisation, and the experimental set-
up and procedures of this chapter.  
 
Analysis 
All analyses were performed using the statistical software R (R Core 
Team 2013) and the relevant R packages. To identify RHP associating traits, 
we generated and performed mixed effects logistic regression (Bates et al. 
2012) (data nested within trials) on four candidate models (Table 6.1). As our 
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results are paired, we performed data modification similar to that of Kemp 
(2000) prior to the analysis. Within each experimental pair, a random 
individual was assigned as the focal male. The differences in carapace width, 
length of right and left chela, and contest intensity between the focal and non-
focal males were subsequently calculated. In all models, contest outcome of 
the focal individual was used as the response variable. Akaike's Information 
Criterion corrected for small samples (AICc) was then used to select for the 
most parsimonious models, based on the criterion that difference in AICc is 
not more than two (Burnham & Anderson 2002; Bolker & R Development 
Core Team 2014).  
Similarly, to distinguish between pure self and CAM-mutual 
assessment models, we conducted linear mixed effects model (data nested 
within trials) on three candidate models (Table 6.2). We tested the relationship 
between contest duration and each of the traits, identified as determinant of 
RHP, of winners and losers (Table 6.2). Contest duration (logged) was used as 
the response variable for all models. As before, AICc was again used to select 
for the most parsimonious models (Bolker & R Development Core Team 
2014).  
To differentiate between CAM and mutual assessment models, we 
conducted two linear mixed effects models (data nested within trials). In both 
models, contest duration (logged) was used as the response variable. In the 
first model, average intensity between loser and winner was used as the 
explanatory variable. While in the second model, the explanatory variable 
comprises of average intensity of pairs that exhibited similar intensity (± 0.2; 




In the 27 experimental trials that were conducted, 76 fights were 
recorded. Fighting occurred multiple times in each trial, with the exception of 
six trials where fighting occurs only once. The average duration of contest was 
44.9 ± 5.6 seconds, N= 76. The carapace width and the average claw length of 
winners were 23.58 ± 0.21 mm, N = 76 and 18.91 ± 0.21 mm, N= 76 
respectively, while those of losers were 22.76 ± 0.25 mm, N = 76 and 17.67 ± 
0.27 mm, N = 76 respectively. The average intensity exhibited by winners was 
2.06 ± 0.13, N = 76, while that of losers was 1.42 ± 0.15, N = 76. 
Among candidate models that determine the probability of winning a 
contest, the model that considered difference in behavioural intensity was the 
most parsimonious (Table 6.1). Hence, the results suggest that behavioural 
intensity, when compared to carapace width and the average length of both 
chelae (even when they are considered in tandem), is a reliable estimator of 
RHP. In addition, the analyses showed that the model in which traits were 
considered in tandem is generally more parsimonious than models that 
considered traits in isolation (Table 6.1). 
Of the three candidate models that determine variation of contest 
duration, the model that considered behavioural intensity of winners and losers 
emerged as the most parsimonious model (Table 6.2). Contest duration 
increased significantly with behavioural intensity of losers (β = 2.103, SE = 
0.244, df  = 49, P < 0.001, Table 6.3) and decrease significantly, with similar 
strength, with behavioural intensity of winners (β = -1.391, SE = 0.266, df  = 
49, P = 0.043, Table 6.3). Since behavioural intensity is a relative measure of 
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RHP, the results cannot be compared to existing predictions of self and mutual 
assessment. In contrast, contest duration increased significantly with average 
claw length of loser (β = 0.457, SE = 0.221, df = 49, P = 0.039, Table 3), but 
not with that of winners. Contest duration did not significantly vary with 
carapace width of winner and losers (Table 6.3). The effects of contest 
duration by average claw length and carapace width were incompatible with 
either self or mutual assessment predictions. 
 In general, contest duration decreased significantly with average 
behavioural intensity of winners and losers (β  = -1.110, SE = 0.489, df  = 48, 
p value = 0.023). However, in pairings where behavioural intensity were 
matched, contest duration increase significantly with average contest intensity 




	 	 	 	Table 6.1. Model comparisons using AICc scores from mixed effects logistic models (data 
nested in trials) to identify RHP associated traits, based on value difference in traits between 
focal and non-focal individuals. 
Model AICc ΔAICc df wi 
Behavioural Intensity 82.7 0.00 4 0.92 
Carapace Width + Average Claws Length  87.7 4.95 5 0.08 
Average Claws Length  93.0 10.3 4 0.01 
Carapace Width 102.7 20.0 4 <0.01 
AICc: Akaike's Information Criterion value corrected for small sample size; ΔAICc: value 
difference between the most parsimonious model; wi: Akaike wight of model i. Models were 















     Table 6.2. Model comparisons using AICc scores from linear mixed effect models (data nested in trials) to 
identify which RHP related traits best explains contest duration. 
Model AICc ΔAICc df wi 
Winner Behavioural Intensity + Loser Behavioural Intensity 270.0 0.0 7 1 
Winner Average Claw Length + Loser Average Claw Length 308.6 38.6 7 < 0.001 
Winner Carapace Width + Loser Carapace Width 315.1 45.1 7 < 0.001 
AICc: Akaike's Information Criterion value corrected for small sample size; ΔAICc: value difference 




Table 6.3. Linear mixed effects models testing relationship between contest duration and each of the RHP-
associated traits. 
Respond 
variable Explanatory variable β (Slope) df SE P value 
Contest 
Duration 
Winner Behavioural Intensity -1.391 49 0.266 <	0.001 
Loser Behavioural Intensity 2.103 49 0.244 <	0.001 
Winner Average Claw Length 0.426 49 0.221 0.055 
Loser Average Claw Length 0.457 49 0.221 0.039 
Winner Carapace Width 0.342 49 0.238 0.150 






Traits associating with RHP in P. eumolpe 
The discrimination between contest assessment types hinges on the 
ability to estimate RHP accurately. The analyses showed that the overall effect 
of body size (carapace width) and size of weaponry (average claw length) was 
better in predicting the success of P. eumolpe fights than when morphological 
traits were considered alone. This corroborates with other studies that multiple 
factors are often needed to estimate RHP accurately (Kemp et al. 2006; Stuart-
Fox 2006; Stuart-Fox et al. 2006). Notwithstanding, the effect of behavioural 
intensity alone was found to be better in predicting fight outcome than when 
morphological traits were considered in tandem. 
 
Body and weapon size as estimates of RHP 
The use of body and weapon size as surrogates of RHP has been well 
documented across different taxa (Arnott & Elwood 2009). In crustaceans, 
these factors too have been found to be reliable predictors of fighting success 
(Adams & Caldwell 1990; Hughes 1996; Palaoro et al. 2014). The importance 
of body and weapon size in contest resolution is often attributed to their 
association with physical strength, and the ability to sustain and inflict damage 
(Arnott & Elwood 2009). By the same token, body and weapon size may be 
important in P. eumolpe contest. However, the links between traits and RHP is 
not always clear (Vieira & Peixoto 2013). Here, the results showed that body 
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and weapon size are less reliable in estimating RHP for P. eumolpe – 
especially when they were considered alone. 
 
Behavioural intensity as estimate of RHP 
Of the factors considered, behavioural intensity alone was the best in 
predicting contest outcome. Thus, suggesting that behavioural intensity– a 
measure of individual contest intensity – is likely to estimate RHP with greater 
reliability than other traits. Conventionally, contest intensity is used to indicate 
the highest level of intensity reached in a contest. In this study, however, I 
adopted Bertram et al. (2010) method and quantified contest behaviours of 
each individual as behavioural intensity. The rationale why contest intensity 
may correlate with RHP stemmed from current contest theory. Fights, in the 
absence of other differences, are settled by RHP-asymmetry (Parker 1974; 
Arnott & Elwood 2009). This implies that each individual is likely to fight 
according to its RHP, in relation to that of its opponent. In turn, behavioural 
intensity, which consists of quantified contest behaviours of each individual, is 
then likely to correlate with relative RHP. The use of relative RHP to 
discrimination between contest assessment types is not novel (Stuart-Fox 
2006; Stuart-Fox et al. 2006; McLean & Stuart-Fox 2015). However, this is 
the first time that contest behaviours, quantified as behavioural intensity, are 
used to estimate relative RHP. 
 
Contest behaviours as estimator of relative RHP 
While proximate traits, such as body and weapon size, have long been 
shown to be good estimators of RHP (Arnott & Elwood 2009), contest 
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behaviours, quantified as behavioural intensity, can be a useful addition. 
Firstly, proximate traits, especially morphological measurements, are unlikely 
to reflect recent change in RHP due to recent fight outcomes and effects of 
fatigue (Elwood & Arnott 2012). Behavioural intensity, on the other hand, 
which measures the expressed RHP of an individual in relation to that of its 
opponent, are more likely to capture any changes in RHP. In addition, the 
number of proximate traits that affect RHP can be difficult to determine. 
However, these factors are likely to interact and influence contest behaviours 
(Mowles et al. 2010). Thus, by considering contest behaviours in the form of 
behavioural intensity, the effects of proximate factors that are left out in 
estimating RHP can be accounted for. Furthermore, without regard to the 
actual mechanism involved, behavioural intensity measures the level of 
performance displayed by an individual during fight. As a result, when 
estimating RHP – although as a relative measure – behavioural intensity can 
do so without the relational issue that proximate traits sometimes have with 
contest cost accrual (Vieira & Peixoto 2013). Overall, contest behaviours can 
be a useful addition trait to estimate RHP. 
 
Variation of contest duration with estimator of RHP  
As in predicting contest outcome, behavioural intensity was also the 
best in accounting for variation in contest duration in P. eumolpe. Contest 
duration increase significantly with increasing loser behavioural intensity but 
decrease significantly with increasing winner behavioural intensity. These 
results, prima facie, appear to support the predictions of CAM-mutual 
assessments. However, as behavioural intensity is a relative measure of RHP, 
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the use of existing predictions, of self and mutual assessment – which uses 
absolute RHP, is inappropriate. How then could the results be interpreted; 
which assessment strategy do the results indicate? An examination on the 
criteria of current contest theories may elucidate the results. 
Predicting variation in contest persistence with behavioural intensity 
 Hitherto, there are three key contest theories: the energetic war of 
attrition model (E-WOA; self assessment) (Payne & Pagel 1996), the 
cumulative assessment model (CAM; self assessment) (Payne 1998), and the 
sequential assessment model (SAM; mutual assessment) (Enquist & Leimar 
1983). These models, not only differ in their assessment strategies – self or 
mutual assessment, but also in the criteria on contest escalation and the 
matching of contest behaviours between individuals (Briffa & Elwood 2009). 
By incorporating these criteria with the assessment strategy, for each contest 
theory, predictions on how behavioural intensity of winners and losers should 
vary with contest duration can be deduced (Figure 6.2).  
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In E-WOA, the contest behaviours between contestants are matched 
and contests are likely to escalate with time (Payne & Pagel 1996; Briffa & 
Elwood 2009). Thus, contestant duration is likely to increase, in similar 
magnitude, with the behavioural intensity of winners and losers (Figure 6.2 
A). Since, in E-WOA, contestants in longer contest tend to fight more 
intensely and vice versa, contest duration is also likely to increase with 
average behavioural intensity, i.e. contest intensity (Figure 6.2 B).  
Unlike E-WOA, CAM – another self assessment model – does not 
require behaviours between opponents need not be matched (Payne 1998; 
Briffa & Elwood 2009). Furthermore, the cost accrual in CAM is due to the 
Figure 6.2 The predicted relationships between contest duration and the 
behavioural intensity of winners (broken lines) and losers (losers) in (A) E-
WOA, (C) CAM B, and (E) SAM. B: The relationship between contest 
duration and average behavioural intensity (contest intensity) is predicted 
to be positive in E-WOA (B) and in SAM (F). In CAM (D), however, the 
relationship between contest duration and average behavioural intensity is 
predicted to be negative. 
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sum of opponent’s actions (Payne 1998; Briffa & Elwood 2009). Hence, the 
behavioural intensity of winners and losers are likely to vary differently with 
contest duration. In CAM, winners that fight more intensely – causing losers 
to exceed threshold faster – tend to engage in shorter contest than when 
winners fight less intensely. Conversely, losers that fight more intensely are 
likely to have higher thresholds and are exceeded at a slower rate. These 
together suggest that, in CAM, contest duration is likely to increase with 
behavioural intensity of losers, but decrease with that of winners (Figure 6.2 
C). In general, the thresholds of the weaker contestants get exceeded quicker 
in more intense fights; hence, fights last shorter. The reverse is also true; in 
fights that are less intense, the thresholds of the weaker contestants do not get 
exceeded as quickly and fights tend to last longer. Based on these, contest 
duration is likely to vary negatively with average behavioural intensity, i.e. 
contest intensity, in CAM fights (Figure 6.2 D).  
Similar to CAM, SAM does not necessitate contestants to fight with 
matched behaviours (Enquist & Leimar 1983; Briffa & Elwood 2009). 
However, unlike CAM, the decision to concede is determined by RHP 
asymmetry (mutual assessment) (Enquist & Leimar 1983). As a result, contest 
duration is largely determined by RHP asymmetry: the greater the RHP 
asymmetry the shorter the contest duration, and vice versa (Taylor & Elwood 
2003; Arnott & Elwood 2009). The RHP asymmetry is likely to be more 
pronounced when winners fight more intensely and when losers fight less 
intensely. In contrast, RHP asymmetry is likely smaller when winners fight 
less intensely and when losers fight more intensely. Hence, similar to CAM, 
contest duration is likely to increase with the behavioural intensity of losers 
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but decrease with that of the winners (Figure 6.2 E). However, in contrast to 
CAM, contest escalation in SAM should only occur between phases. This 
suggests that the contest duration should increase with the average behavioural 
intensity between contestants, i.e. contest intensity, in SAM fights (Figure 6.2 
F). 
Determining the assessment strategy of P. eumolpe 
With these predictions (Figure 6.2), the results of this study could now 
be used to determine the best contest model that explains fights in P. eumolpe. 
While the effects of behavioural intensity of winners and losers on contest 
duration, support the predictions of CAM and SAM, the negative relationship 
obtained between contest duration and the contest intensity suggests CAM, 
and not SAM, as the best model in explaining fights of P. eumolpe. However, 
should fighting intensity not generally increase over time, even in CAM 
fights? To further verify if CAM is indeed supported, I examined the effect of 
contest intensity on contest duration, only of individuals with matched 
behavioural intensity. As predicted, I found contest duration to increase with 
the contest intensity of behavioural intensity matched individuals. This, hence, 
lends further support to CAM as the model in explaining fights in P. eumolpe.  
 
Variation of contest duration with poor RHP-relating traits. 
While body and weapon size were shown not to predict contest 
duration, I continued to examine their effects on contest duration. This being 
that, without considering behavioural intensity, the effects of body and 
weapon sizes on contest persistence are typical used.  
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The effects of body and weapon sizes on contest duration were 
incompatible with the predictions of both self and mutual assessment (Arnott 
& Elwood 2009; Briffa & Elwood 2009). Only the average claws size 
(weapon size) of losers was found to vary significantly with contest duration. 
Although unhelpful in the determination of assessment strategy, the findings 
were particularly insightful. These, together with the results above, support the 
conjecture that inconsistent results with known contest assessment predictions 
do not necessarily point towards shortcoming in our current understanding of 
animal contest. Instead, these spurious results may have been obtained through 
the unwitting poor choice of RHP estimates.  
 
Summary 
 From the results of this chapter, I showed for the first time that 
individual contest intensity, in addition body and weapon size, could be used 
to estimate RHP in P. eumolpe. Among the traits measured, individual 
behavioural intensity was found to be the best in accounting for variation in 
contest duration. The variations of contest duration with individual contest 
intensity of both winners and losers support the predictions of CAM and 
mutual assessment models – for measure of relative RHP. The negative 
relationship between contest duration and the average behavioural intensity, 
further suggests CAM as the contest model most consistent in explaining P. 
eumolpe fights, thereby addressing the last objective of this thesis. When body 
and weapon size were used as estimates of RHP, the results were incompatible 
with the predictions of both self and mutual assessment models. 
Coincidentally, these factors were excluded from the most parsimonious 
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model in accounting for variation in contest duration. Thus, studies that 
produced results inconsistent with self or mutual assessment models may have 
used traits that are poor predictors of contest duration, despite their ability to 





General Discussion  
Throughout this thesis, I examined the different strategies Perisesarma 
eumolpe has evolved to reduce the cost of fighting. I began by investigating its 
signaling behaviour with two other related species (Perisesarma fasciatum and 
Parasesarma ungulatum). After which, I sought to understand the context 
under which signaling occurs in Perisesarma eumolpe – in particular, whether 
its signaling behaviour is a victory display. Subsequently, I strive to elucidate 
the function of this signaling behaviour. Thereafter, I examined the assessment 
strategy employ by P. eumolpe to determine its persistence during contest. 
Here, I will summarise and review the key findings of this thesis, and discuss 
some of the difficulties experience and the possible research directions future 
works could undertake. 
 
On the stridulatory behaviour of Parasesarma and Perisesarma (Chapter 3) 
The investigation on the signaling behaviours of P. eumolpe and two 
other related species (Perisesarma fasciatum and Parasesarma ungulatum) 
showed that all three species stridulate using species-specific structures. 
Together with Boon et al. (2009), the findings further suggest that stridulation 
is likely a common trait among crabs of sister genera Parasesarma and 
Perisesarma.  
No doubt, a more comprehensive examination, with more species in 
either genus, would have made for a stronger case. However, the recording of 
stridulatory events and signals from crabs of these genera can prove 
challenging. As earlier mentioned, stridulations were not spontaneously 
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performed. Instead, they were preceded by physical interactions. It is likely as 
in the case of P. eumolpe that these interactions are agonistic (see Chapters 4 
and 5). Being contingent on the occurrence of contest makes the recording of 
stridulation challenging. Related species may differ in their level of 
aggressiveness (Jang et al. 2008), as such species may not fight with equal 
readiness in the same staged contest setting. As in this thesis, the number of 
physical interactions and stridulatory events differs rather drastically between 
the three investigated species. Due to the limitation of time, research on the 
suitability of setting to elicit contest in other species was not possible.  
While I have earlier alluded that anecdotal accounts are not scientific 
rigorous, I do not dismiss their importance to science. Witnessing a behaviour 
event for the first time very much depends on chance and anecdotal accounts 
are good records of these chanced events. It was also based on an anecdote by 
Tweedie (1954) that the studies of this thesis were conducted. Perhaps, with 
more anecdotal accounts on the stridulatory behaviours of sesarmid crabs 
reported, a clearer direction for future work could be made. Regardless, the 
findings in this thesis are the first step towards a better understanding of the 
stridulatory behaviour of crabs in these genera.  
 
On the signal characteristics of Parasesarma and Perisesarma (Chapter 3) 
Like the structures that produce them, the stridulatory signals of the 
three species were found to be species-specific, in terms of their temporal 
patterns (Chapter 3). However, the frequency spectra of the signals were found 
to be similar between the three species. While these signal characteristics 
differ from those of fiddler crabs (Salmon 1983; von Hagen 1984), they are 
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consistent with those of orthopterans (Stabel et al. 1989; Schul 1998; Honda-
Sumi 2005; Deily & Schul 2009). Besides these, almost nothing else is known 
about the vibro-acoustic biology of these crabs. Comparatively, the vibro-
acoustic biology of ocypodids is better known (Popper et al. 2001). Generally, 
fiddler crabs are most sensitive to frequencies between 300 to 700 Hz (Salmon 
et al. 1977; Hall 1985), while ghost crabs has larger range of sensitivity 
between 1 Hz to 2 kHz (Horch 1971). Substrate is also believed to be the 
primarily channel by which these crabs communicate (Popper et al. 2001). 
However, such information is unknown about sesarmids, even though 
Perisesarma is speculated to have vibro-acoustic sensitivity similar to that of 
fiddler crabs, owing to the morphological similarity between their Barth’s 
myochordotonal organs (Boon et al. 2009). Thus, further research in this 
direction would help in the understanding of the vibro-acoustic biology of 
crustaceans. 
 
On victory display (Chapter 4) 
In Perisesarma eumolpe, stridulations were found to fulfill all three 
criteria of a post-contest victory display. Distinct from other agnostic 
behaviours (1), these stridulations were performed by winners (2), usually 
after intense fighting (3). In fact, stridulation was never observed in any 
context except to assert victory. While it is unclear if the stridulations of the 
other two species (Perisesarma fasciatum and Parasesarma ungulatum) fulfill 
the criteria of victory display, based on the observation that they occurred after 
physical interaction (Chapter 3), it is likely that they too are victory displays. 
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Nevertheless, further investigation is still needed to establish the contexture 
nature of their occurrence. 
Although, in Chapter 4, I challenged the idea of Astacidean crayfishes 
exhibiting victory display, I have no doubt that victory display could be 
present in other crustaceans. For instance, the waving behaviour of 
Chaenostoma boscii, after winning a contest (Kitaura & Wada 2004), appears 
to be a likely candidate. Yet, as discussed earlier in Chapter 4, it is vital to 
evaluate the three criteria of victory display before asserting any post-contest 
behaviour to be a victory display. 
Victory displays, despite their substantial consequences on animal 
fights, has received relatively little attention (Bower 2005). As discussed in 
Chapter 1, it is unclear how extensive this form of post-contest display is 
among animals (Bower, 2005). While limited theoretical and empirical works 
have begun to unravel the possible functions of victory display (Mesterton-
Gibbons & Sherratt 2006; Mouterde et al. 2012; Fitzsimmons & Bertram 
2013; Mesterton-Gibbons & Sherratt 2013), almost nothing has been 
speculated about the evolution of this form of behaviour. From the findings of 
this thesis, stridulatory victory display may be prevalent in Parasesarma and 
Perisesarma. Thus, members of these genera might be good candidates for 
investigating the evolution of victory display. Perhaps, future work on the 
phylogenetic context of Parasesarma and Perisesarma in which victory 
display occurs could shed light as to the kind of selective forces that drive the 




On the functions of victory display (Chapter 5) 
The findings in this thesis were consistent in showing P. eumolpe 
using victory display to browbeat loser from reinitiating a new contest. This is 
possibly the first empirical work on the browbeating function of victory 
display in any animal. However, browbeating, is just one of the two possible 
functions of victory display (Bower 2005). Victory display could also possibly 
discourage eavesdropping audience from initiating fight with the winner 
(‘advertisement’ function) (Mouterde et al. 2012; Fitzsimmons & Bertram 
2013). Both functions of victory display are not mutually exclusive and can 
function simultaneously, although the primarily function is likely to be 
influenced by how important victory is to reproductive success (Mesterton-
Gibbons & Sherratt 2006; Mesterton-Gibbons & Sherratt 2013).  
In the course of this study, attempts have been made to elucidate the 
‘advertisement’ function of victory display in P. eumolpe but to no avail. One 
of the difficulties faced was to get naïve individuals to eavesdrop on victory 
display performed by winner. Perisesarma eumolpe do not react well to 
enclosure and will constantly seek means to escape. As such, it was difficult to 
calm naïve individuals in small enclose area long enough for them to 
eavesdrop on victory display of winner. Furthermore, I am yet unable to 
devise a design where the effect of eavesdropping on victory display can be 
isolated from that of eavesdropping on contest. In some species, naïve 
individuals are known to alter their interaction with recently contested 
individuals based on what they have earlier eavesdropped during contest 
(McGregor et al. 2001; Earley & Dugatkin 2002; Peake et al. 2002; Dreiss et 
al. 2012). Thus, if the effects of two eavesdropping events are not isolated, 
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changes in interaction between naïve individuals with winners and losers 
cannot be easily attributed to eavesdropping on contest or to victory display. 
Other than design-related difficulties, there lies a more fundamental 
obstacle: the lack of understanding about the mechanism by which these crabs 
eavesdrop on vibro-acoustic victory display. As mentioned in Chapter 3, 
crustaceans do not possess a specialised receptor organ, such as a ear as we 
know it, for detecting and perceiving vibro-acoustic signals (Breithaupt 2002). 
Instead, they likely rely on a combination of sensory organs, which may differ 
between different taxa groups, to detect vibro-acoustic signals (Popper et al. 
2001). Thus, while Barth’s myochordotonal organs have been found in 
Perisesarma (Boon et al. 2009), further work is needed to ascertain if they are 
vibro-acoustic organs, and/or if other structures are important. Besides, it 
remains unclear by which channel, air or substrate, does these crabs primarily 
communicates with. Without clarity in these matters, a better experimental 
design to elucidate the advertisement function of victory display in P. eumolpe 
could not be made. 
One possible solution, which I did not have the opportunity to carry 
out here, is to observe for audience effect on victory display. As 
eavesdropping has a significant cost on contesting dyads (Peake 2005), some 
species have evolved the ability to alter their aggressive behaviour according 
to the type and presence of an audience (Doutrelant et al. 2001; Earley & 
Dugatkin 2002). Recently, Fitzsimmons and Bertram (2013) showed that 
crickets intensify the performance of their victory display in the presence of 
male, but not female, audience. Audience effect in performancing victory 
display, while circumstantial, lends support to the ‘advertisment’ function of 
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victory display. Although the study of audience effect is generally said to be 
more difficult than the study of eavesdropping (Whitfield 2002), it 
circumvents the need for a throughout understanding about vibro-acoustic 
biology of these crabs. 
 
On the contest assessment of P. eumolpe (Chapter 6) 
 On investigating the contest assessment of P. eumolpe, individual 
contest intensity, a composite measure of contest behaviours adapted from 
Bertram et al. (2010), was found to be a good predictor of contest outcome, 
and contest persistence. Traditional proximate parameters (body and weapon 
sizes), on the other hand, were good estimators of contest outcomes, but they 
did not account for contest persistence. When these were used as estimators of 
resource holding potential (RHP), to test the different predictions of contest 
assessment strategies, results obtained were incompatible with known 
predictions. As a result, only individual behavioural intensity was to estimate 
RHP of P. eumolpe. The use of relative RHP to determine assessment strategy 
is not new, but this is probably the first time contest behaviours were. 
Examination on the relationships between contest duration and relative RHP 
of winners and losers respectively, suggest that cumulative assessment model 
(CAM), a self assessment model, is the most consistent model in explaining P. 
eumople fights.  
On the ‘economies of scale’, mutual assessment models appear to be 
far superior to self assessment models (Arnott & Elwood 2009; Briffa & 
Elwood 2009). The need for losers to accrue cost to a maximum threshold for 
each fight (self assessment models) can seem extremely wasteful, when they 
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could concede before the maximum threshold is reached, after comparing their 
RHP with that of their opponent’s (mutual assessment models). Thus, the 
finding of this thesis may seem peculiar. However, empirical studies have, 
hitherto, showed otherwise – self assessment models are more widespread in 
animal fights than mutual assessment models (Elwood & Arnott 2012). Self 
assessment models could be more economical when the cost associated with 
assessment is high (Arnott & Elwood 2009). For instance, when the 
probability of wrongly assessing one’s rival RHP (Elias et al. 2008), or the 
need for higher cognitive ability is substantial (Elwood & Arnott 2012), self 
assessment models may be more cost effective.  
In P. eumolpe, the limitation of time and its cognitive ability, among 
other factors, may be the reasons as to why self assessment strategy, instead of 
mutual assessment strategy, has evolved to settled dispute. Like most intertidal 
organisms (e.g. Colombini et al. 1996, Cannicci et al. 1999, Nordhaus et al. 
2009), the activities of P. eumolpe are very much dependent on tidal influence, 
making time a limiting factor. Hasty assessments can result in unreliable 
decisions, with regards to contest persistence, while long assessment could 
affect fighting performance (Arnott & Elwood 2009). Without the luxury of 
time, self assessment model may, hence, be a more reliable strategy when it 
comes to settling dispute. Should time cease to be limting, P. eumolpe may 
still lack the cognitive ability to perform mutual assessment. Although much is 
unknown about the cognitive abilities of animals, most animals are unlikely to 
have the capability to conduct complex processes such as mutual assessment 
(Elwood & Arnott 2012). This may explain why self assessment strategy, and 
not mutual assessment strategy evolved in P. eumolpe. 
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On pre-contest assessment of P. eumolpe 
 Throughout this thesis, I have examined the different strategies P. 
eumolpe has evolved to reduce the cost of contest. These strategies either 
occurred during (contest assessment) or after the contest (post-contest victory 
display). However, in some animals, reduction of contest cost involves 
deterring weaker opponents from contesting altogether by using conventional 
signals of RHP, such as badges of status in birds and insects (e.g. Pryke & 
Andersson 2003; Tibbetts & Dale 2004) and structural barricade in crabs (e.g. 
Wada 1984). It is possible that P. eumolpe may possess some form of 
conventional signal.  
Perisesarma eumolpe together with P. indiarum are among some of 
the most colourful sesarmids (Ng et al. 2008). Besides, coloured pigments on 
the body and appendages, both species possess bright carotenoid-based facial 
bands (Huang et al. 2008; Todd et al. 2011; Wang & Todd 2012). These bands 
are believed to have intra-specific communicative function, possibly to 
mitigate between agonistic interaction (Huang et al. 2008; Todd et al. 2011). 
Consistent with the findings of Huang et al. (2008), preliminary work (results 
not presented in this thesis) showed that the colour spectra of the facial bands 
were positively correlate with the body size of individuals in both males and 
females (i.e. the facial bands in larger individuals tend to be sky blue, while 
those of smaller individuals tend to be yellowish green). As body size is a 
good predictor of contest outcome, facial bands in P. eumolpe could 
potentially be a badge of status. However, there exist an enigma: the 
possession of facial band is not sexually dimorphic. Both males and females 
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possess size-corresponding coloured facial bands, although females are 
seldom known to engage in agonistic interactions (Boon et al. 2009). In 
sparrows, where fights occur predominantly between males, females generally 
do not possess badge of status (Tibbetts & Safran 2009). Because the 
possession of carotenoid-based facial band is energetically expensive, it is 
unlikely to be a developmental artefact in females. Thus, either the facial band 
in P. eumolpe does not function as a badge of status or males and females 
employ it for different functions. The difference in RGB scores of the facial 
bands between males and females seems to suggest the latter (Huang et al. 
2008, Todd et al. 2011). The range of colours between males and females 
facial bands are found to differ, this implies that the roles of the facial bands 
may also be sexually specific. While facial bands in males could function as 
badges of status, in females they may indicate sexual maturity or 
attractiveness (Todd et al. 2011). However,	as	small	gravid	females	with	yellowish	green	facial	bands	have	been	found	in	the	field	(pers.	obs.),	the 
size corresponding coloured facial bands in females are unlikely to indicate 
sexual maturity. On the other hand, fecundity generally increases with 
physical size; it is thus more conceivable that size correlating coloured facial 
bands in females may indicate attractiveness. However, due to “extreme 
manipulation” (the facial band of females were blacked with nail polish), clear 
evidence for this function in females remains lacking (Todd et al. 2011). More 
fundamentally, the scoring of RGB is a visual system-independent analysis – 
an error prone method of analysis (Stevens et al. 2009). Thus, the behavioural 
significance of the difference in colour between males and females facial 
bands could be wrongly interpreted. In other words, males and females may 
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not be able to discern the colour difference in RGB scores despite being 
statistically significant. This in turn implies that the function of facial bands 
between males and females may not differ and are unlikely to function as a 
badge of status. 
Is size-correlating coloured facial band of P. eumolpe a form of 
conventional signal necessary for pre-contest assessment? To answer this 
question more adequately, further research in this direction is clearly needed. 
Definitely, research on their spectral sensitivity of their photoreceptors is a 
fundamental step (Stevens et al. 2009; Stevens 2011). Otherwise, one can only 




 At the start of this thesis, five questions were raised with regards to the 
strategies evolved in P. eumolpe to reduce cost of contest. These were then 
subsequently addressed in Chapters 5-8. Here I demonstrated that the vibro-
acoustic communication (via stridulation) is likely widespread among genera 
like Parasesarma and Persesarma. Like the stridulatory structures that 
produce them, the temporal patterns of the signals are species specific 
(Objective 1).  
In P. eumolpe, and possibly also in many related species, stridulation is 
performed after intense fighting, as a form of post-contest victory display 
(Objectives 2 and 3). This display has at least one function in P. eumolpe: that 
to deter losers from near future re-engagement (Objective 4).  
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During contest, P. eumolpe employs CAM, a self assessment strategy, 
to determine contest persistence (Objective 5).  
In examining the strategies P. eumolpe used to resolve conflicts and 
reduce the need for further contest, I hope that, from this thesis, lessons could 







“Nonviolence is the answer to the crucial political and moral questions 
of our time: the need for man to overcome oppression and violence. 
Man must evolve for all human conflict a method which rejects 
revenge, aggression and retaliation. The foundation for such method is 
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Earlier in chapter 5, some data was inadvertently missed during 
analyses. As the work has already been published, the data was presented as it 
was. Here, I will present the analysis of the entire data to show that the 
findings of chapter 5 remain unchange, despite the accidental exclusion of part 
of the data. 
 
Data analysis 
As in chapter 5, from the car package (Fox and Weisberg 2011), body 
and chelae dimensions (carapace width, right and left chela length) of the 
crabs were found to be highly multi-collinear. To avoid problems of multi-
collinearity, principal component analysis was used to construct a new 
measure that estimate for overall size, after obtaining a Kaiser–Meyer–Olkin 
measure of 0.760 (previously 0.723), using the rela package (Chajewski 
2009). As before, generalised linear mixed-effects models (GLMM) with 
binomial errors in the lme4 package (Bates et al. 2011) were used to examine 
which variables influence whether individuals stridulate at the end of a contest 
or not. As the data were not independent within trials, time and within 
individuals, it was dealt with using different random effects structures. The 
independent variables (fixed effects) of the initial model were: duration of 
contest, overall size of the individual, outcome of fight (winner or loser), and 
individual intensity. As in the analysis of chapter 3, the random effects of the 
model represented the nesting of the observations within individuals and 
within trials. The timing at which each fight occurred was initially fitted as a 
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random slope in the random effects part of the model, but was removed after 
comparing it with a simpler random intercept model using the Akaike’s 
information criterion (AIC). Subsequently, the final model was obtained by 
removing the main effects in a stepwise manner using likelihood ratio tests. 
 
Results 
A total of 78 fights from 27 trials were recorded, of which 47 (60.3%) 
fights resulted in stridulations. The average duration of the fights was 51.2 
seconds (interquartile range, 4-73). As before, stridulation was never observed 
to occur before any antagonistic interaction and no individual stridulated more 
than once in one contest. Besides the anomalies mentioned in chapter 3, there 
was no addition stridulation that occurred during contest.  
The statistical analysis was also consistent with previous analysis (c.f. 
Table 3.1, Table 1 in appendice); winning a fight significantly increased the 
probability of stridulation (GLMM: β = 3.13, SE = 0.63, χ2 = 69.09, P < 
0.001). In addition, individuals who fought more intensely were also more 
likely to stridulate (GLMM: β = 2.097, SE = 0.62, χ2 = 17.20, P = <0.01). The 
duration of fight and size of an individual do not predict the likelihood of 














	 	 	Size	of	individual	 0.075	 0.203	 0.713	
Total	contest	duration	(s)	(log-transformed)	 0.079	 0.152	 0.605	
Outcome	of	fight	(winner	or	loser)	 3.505	 0.719	 	<	0.001	
Fight	intensity	(log-transformed)	 2.322	 0.689	 <	0.001	
		 Effect	size	(β)	 χ2	(df)	 P	value	
Final	model	
	 	 	Outcome	of	fight	(winner	or	loser)	 3.134	 69.085	(1)	 	<	0.001	
Fight	intensity	 2.097	 17.021(1)	 	<	0.001	
 
